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binding proteins like gelsolin, which regulates cell architecture
and motility by severing and capping actin filaments.19 As a
result, cells exposed to actin-binding macrolides experience
several actin cytoskeleton-related defects, including disruption
of adherens junctions, breakdown of cell−cell and cell−
extracellular matrix (ECM) contacts, loss of cell migration and
invasion activity, and cessation of cell proliferation.8,19−22

Recent studies indicate that synthetic analogues of the tail of
aplyronine A, kabiramide C, and mycalolide B (1) can mimic
the actin-disrupting effects of the natural macrolide in
reconstituted actin polymerization and actin depolymerization
reactions.13,30 However, a critical limitation with these
truncated analogues is that they are not as potent as the full
macrolide.22,31 We reasoned that detailed structure−activity
relationship (SAR) studies were needed to identify sites within

Figure 1. Examples of actin barbed end-binding marine macrolides. The extended “tail” and macrolactone “ring” regions of each compound are
colored blue and black, respectively. Reported cytotoxicity levels against different cancer cell lines (B16 = murine melanoma; HeLa S3 = human
cervical adenocarcinoma; KB = human epithelial carcinoma; L1210 = murine lymphocytic leukemia) are shown in parentheses.10,23−28

Figure 2. Chemical structure of MycB and molecular models of MycB binding sites on F-actin. The macrolide “ring”, aliphatic “tail”, and “MVF”
group of MycB are labeled on the chemical structure of MycB (top right). Substituents in MycB that are equivalent to those explored in the
structure−activity relationship (SAR) studies are highlighted in yellow (R1), cyan (R2), red (R3), and blue (R4). To illustrate the binding site of
MycB within an F-actin filament, PyMol was used to superimpose copies of the X-ray crystal structure of a MycB-G-actin complex (PDB ID:
6MGO)13 onto each of the actin subunits within an F-actin structure that was determined by electron microscopy (PDB ID: 3J8I).29 The MycB
molecules (shown in red sticks) are situated between subdomains 1 and 3 (shown as black circles with numbers) of each actin subunit. The inset
shows the steric clash between the tail of MycB and the DNase I-binding loop of the adjacent actin subunit when the MycB-G-actin complex is
superimposed onto actin subunits within this F-actin structure.
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the analogues that can be modified with novel substituents to
increase their actin disruption activity. Gratifyingly, we
prepared a mycalolide B tail analogue that also elicits rapid
collapse of the actin cytoskeleton in ovarian cancer cells and
impairs their motility and invasion of ECM.13

Herein, we report the functional evaluation of over 20
analogues that mimic the acyclic side chain (tail) of MycB and
other actin barbed end-binding macrolides. These analogues
were designed to investigate the effects of varying the
functional groups in five distinct regions of the tail on G-
actin polymerization inhibition, F-actin severing and depoly-
merization, and inhibition of A549 lung cancer cell invasion of
extracellular matrix (ECM). Preliminary studies systematically
probed the impact of single substituent variations within a
generic tail compound on these activities of actin. After
identifying optimal substituents at each position, subsets of
these functional group substitutions were combined to identify
modifications that have synergistic effects. These studies
enabled us to establish the SAR of core moieties within the
tail and to identify positions where substituent variability is
tolerated by the binding site on actin. They also revealed that
the ability to disrupt polymerization of purified actin or F-actin
stability did not directly correlate with the cell invasion
inhibition activity of the analogue, indicating that more

complex mechanisms are affecting analogue potency within
the cellular milieu.

■ RESULTS AND DISCUSSION
Rationale for Design Features of the Analogue

Library. The tail of MycB (1) binds to 12 amino acid
residues and covers ∼360 Å2 of the solvent-accessible surface
area between subdomains 1 and 3 of G-actin (Figure 3A). The
MVF group is held in place by inserting atoms C35, N4, C41,
and C42 within a narrow pocket encircled by the side chains of
Tyr133, Val139, Tyr143, Gly168, and Tyr169, and by the
formation of two water-bridged H-bonds between O14 and the
backbone amide hydrogens of Ile136 and Ala170 at the bottom
of this pocket (Figure 3B). The importance of these
interactions was demonstrated by Suenaga et al.’s evaluation
of an aplyronine A analogue that replaced the MVF with a
hydroxy group.31 Notably, this analogue was 3-fold less active
than aplyronine A in an F-actin depolymerization assay.
Similarly, the toxin reidispongiolide C, which possesses a
carboxyl group instead of the MVF, has significantly
diminished F-actin severing activity compared to the related
reidispongiolide A, which contains the MVF motif (Figure
1).17

The central aliphatic region (C25-C33) lies parallel to the
side chain of Tyr143 and is cradled on one side by Ile345,

Figure 3. Binding site of MycB in the barbed end cleft of G-actin. Each panel shows a different view of the binding site of MycB on G-actin in the
X-ray crystal structure of a MycB-G-actin complex (PDB ID: 6MGO).13 (A) The surface of actin is presented in transparent gray and MycB is
presented as ball and sticks. Different sections of MycB are colored in accordance with regions of interest. Atoms at modification sites in MycB are
numbered. (B−D) MycB and actin are subdivided into interacting regions of interest. Residues and water molecules that form each binding pocket
are shown as sticks and skyblue-colored spheres, respectively. H-Bonds and hydrophobic interactions are shown as blue and black dashed lines,
respectively. (B) The MVF region of MycB is shown as orange balls and sticks interacting with residues and waters at the base of the barbed end
cleft. (C) The central aliphatic region is shown as gray balls and sticks. (D) The two extensions from C24 that branch to form the macrocycle of
MycB are shown as blue- and gold-colored balls and sticks.
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Leu346, Leu349, Thr351, Phe352, and Met355 from actin
subdomain 1 and by Gly146, Arg147, Thr148, Gly168, and
Tyr169 from actin subdomain 3 on the other side (Figure 3C).
These residues represent a key interface for the DNase I-
binding loop of the adjacent actin subunit during actin
polymerization (Figure 2).32 This site is also the binding
interface for a myriad of functionally unique actin-binding
proteins (ABPs).33,34 For example, binding of thymosin at this
site sequesters pools of G-actin monomers into nonpolymer-
izable G-actin−thymosin complexes.35 When cofilin or gelsolin
bind at this site, they can disrupt actin−actin contacts, causing
F-actin severing.36,37 Formin, on the other hand, nucleates and
elongates F-actin,38,39 as do proteins with tandem WH-2
domains, such as Cordon-Bleu and Spire.40 Despite this shared
binding site, few studies have shown that macrolides compete
with these ABPs in vivo or in reconstituted in vitro systems.19

The ring and tail regions are connected at C24 in MycB and
related actin-targeting macrolides (Figure 2). The ring
connects to C24 via the oxygen (O2) and the alkyl group
(C23) of the lactone. The ring region that extends from the
O2-containing branch interacts with Ala144, Ser145, and
Gly146 (Figure 3D). The ring region that stretches from C23-
containing branch lies against the hydrophobic amino acids
Ile345 and Leu349. Many actin-binding proteins such as
gelsolin,37 cofilin,36 twinfilin,39 formin,38 and myosin41 form
strong interactions with this hydrophobic patch of actin, and it
is likely that MycB and other ring-containing macrolides
disrupt these actin−ABP interactions in cells. In support of
this, MycB has been shown to decrease the F-actin-stimulated
ATPase activity of myosin, which is dependent on direct
actin−myosin interactions.20

Using these molecular interactions as a guide, we generated
a library of tail analogues with novel substituents in each
region. The structural modifications were selected based on
their potential likelihood of improving polar or nonpolar
interactions with actin and to assess the tolerance of these
regions for changes without diminishing the activity. By
focusing our structure−activity relationship study on the
macrolide tail region, we also significantly improved the ease
of synthesis of the analogues, thereby reducing the number of
synthetic steps for the longest linear sequence from 33 to 15
and lowering the molecular weight by 40% (Mw ∼ 457−598
Da versus 1047 Da of MycB). Moreover, the convergent
nature of the synthesis permits the diversification of a common
intermediate, which is the classical approach for SAR studies
on a specific structure class.

Modifications at the MVF Region (R3). Although most of
the natural products that bind the barbed end of actin have a
C35 MVF moiety (Figure 1), the polyketide bistramide (not
shown) relies on an extended C1-C13 pyran to reach deep into

the cleft between subdomains 1 and 3.42 Computational
calculations on actin-binding affinity indicate that this
extended terminal moiety gives bistramide higher affinity for
actin compared to kabiramide, jaspisamide, ulapualide, and
swinholide.33 The addition of bulky groups like fluorophores
and (photo)affinity tags is also well tolerated at the MVF
moiety.43,44 Consequently, we speculated that introducing
bulkier electron-donating groups, such as ethyl, propyl, or
cyclopropyl, may improve affinity by more adequately filling
the hydrophobic pocket formed by Tyr133, Tyr143, Ala135,
Leu346, Leu104, and Phe352, and by enhancing hydrogen
bond formation with the oxygen of the MVF (Figure 3B).
Replacing the MVF group (R3, Figure 4) with a cyclic amide
would also rigidify the structure and potentially orient the
amide in a manner that enhances H-bonding with its partners.
To this end, we replaced the methyl group of the MVF with
different substituents and examined the impact of cyclic amides
with different ring sizes (4 to 6 membered, Figure 5).

Modifications at the Central Aliphatic Region (C30
Stereochemistry and R2). The side chain moiety of C30 is
the most variable substituent within the central aliphatic region
of barbed end-binding macrolides (Figure 3A,C). Substituents
here include ketones (trisoxazoles, reidispongiolides), an N,N-
dimethylalanine ester (aplyronines), and a 2,3-di-O-methylgly-
cerate (mycalolides) (Figure 1), which suggests that a variety
of groups at C30 can be tolerated. The variations are
presumably accommodated because they are solvent-exposed
and do not appear to impact actin binding directly. Instead,
this group could sterically interfere with binding to other actin
subunits and possibly binding of ABPs. With this in mind, we
introduced rigid and/or bulky groups at the side chain moiety
of C30 to increase steric hindrance to determine if this would
enhance the G-actin polymerization inhibition and F-actin
depolymerization activity of the analogues (Figures 4 and 6).
The impact of the C30 substituent size, hydrophobicity, and
charge were examined by introducing alicyclic rings of various
sizes (4 to 6 membered), in addition to chiral and achiral
esters. An N-methyl pyrrolidine group was also explored
alongside acyclic analogues. Finally, we explored the impact of
altering the orientation of the C30 side chain by changing the
stereochemistry at C30.

Modifications at the C24 Extensions (R1 and R4). To
extend hydrophobic interactions with Ile345 and Leu349 of
actin, we examined the impact of adding ethyl, isopropyl, and
cyclohexyl groups at R1 of C24 (Figures 4 and 7). We also
examined the impact of limiting the R4 group at C24 to a
hydroxyl, which could engage in H-bonding with carbonyl
group of Tyr143. Including functionalized ester derivatives at
the R4 site was investigated to assess the effect of providing
additional hydrophobic contacts for binding the Ala144,

Figure 4. Schematic illustrating the SAR studies on the tail pharmacophore of MycB (2) that led to the most potent analogue (2a). A summary of
the actin polymerization inhibition activity (IC50) and synthesis of 2a is provided.13 The SAR studies explored modifications of the substituents at
sites R1−R4 and included variations in the N-methyl-N-vinyl formamide moiety (MVF) in red (R3). The undefined stereochemistry at C30
indicates two specific stereochemical configurations.
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Gly146, and Ile345 residues (Figure 3D). A terminal amino
group was included in the substituents containing a longer
hydrocarbon chain at R4 to examine the effect of adding
polarity.

Synthesis of the Analogues. Scheme 1 summarizes the
general synthetic strategy for constructing the tail analogues.
Treatment of previously reported fragments 3 and 4 with 10
mol % of Hoveyda−Grubbs II catalyst to facilitate a Type II
alkene cross-metathesis afforded the coupled product,13,45−47

which was reduced with diimide48−50 to afford 5 over two
steps. Yamaguchi esterification51 of the secondary alcohol 5

Figure 5. Effects of modifications at the MVF site (R3). The structure
of the generic tail compound for assessing substitutions at R3 is shown
at the top. Substitutions at R3 are shown for each analogue in the
second column of the table. The effect of the analogues on G-actin
polymerization (0.5 μM of an analogue with 9 μM actin) and F-actin
depolymerization (10 μM of analogue with 0.2 μM actin) was
determined by measuring the change in the fluorescence signal of
pyrene-actin that occurs during its polymerization or depolymeriza-
tion as a function of time. G-actin polymerization inhibition activity of
the analogues is expressed as a percentage of the actin polymerization
rate in the presence of the analogues relative to the actin
polymerization rate without analogue. F-actin depolymerization
activity of the analogues is expressed as a percentage of the amount
of F-actin at 900 s in the presence of the analogue relative to the
amount of F-actin at 900 s in the presence of 10 μM MycB. All data
are the mean and standard deviation of three independent
experiments.

Figure 6. Effects of C30 stereochemistry and modifications at the R2

site. (A) The structure of the generic tail compound for assessing C30
stereochemistry is shown at the top. The stereochemical configuration
of C30 is shown for each analogue in the second column of the table.
Due to the very low G-actin polymerization inhibition activity of these
analogues at 0.5 μM, an IC50 value was used instead of a percentage of
G-actin polymerization inhibition activity relative to MycB. (B) The
structure of the generic tail compound for assessing substitutions at R2

is shown at the top. Substitutions at R2 are shown for each analogue in
the second column of the table. G-actin polymerization inhibition and
F-actin depolymerization activity of each analogue were determined as
described for Figure 5. All data are the mean and standard deviation
of three independent experiments. †This analogue was prepared by a
slightly modified sequence (see the Supporting Information (SI) for
more information).
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using the mixed anhydride derived from the carboxylic acid
and 2,4,6-trichlorobenzoyl chloride in the presence of 4-
dimethylaminopyridine (DMAP), followed by hydrogenolysis
of the terminal benzyl ether furnished the primary alcohol 6.
The key vinyl iodide 7 was then installed via a three-step
sequence. Oxidation of the primary alcohol 6 to the aldehyde,
followed by Takai olefination52−54 and deprotection of the
TBS group with 3 N hydrochloric acid, afforded the required
vinyl iodide 7. The amido moiety was then installed via a
copper(I)-catalyzed Goldberg coupling of vinyl iodide 7 with
an N-alkylformamide or lactam in the presence of 1,10-
phenanthroline and cesium carbonate in dimethylacetamide at
elevated temperature to afford the amido derivative 8.55

Yamaguchi esterification of the C24 secondary alcohol 8 with
the mixed anhydride obtained from the requisite carboxylic
acid furnished the ester 2.

Biochemical Activity of the Tail Analogues. The G-
actin polymerization inhibition activity and F-actin depolyme-
rization activity of the synthetic tail analogues were
quantitatively tested using pyrene-actin fluorescence assays.
To measure the G-actin polymerization inhibition activity, 0.5
μM of each analogue was added to a solution containing 9.0
μM of pyrene-G-actin protein, whose polymerization was then
initiated by including 50 mM KCl, 2 mM MgCl2, and 1 mM
ATP (final concentrations) in this mixture. The change in the
fluorescence signal from pyrene that occurs during polymer-
ization of the pyrene-G-actin was then plotted as a function of
time (Figures S1−S3). G-actin polymerization rates were
determined by calculating the slope between the 250 and 300 s
time points of these plots. The G-actin polymerization
inhibition activity of each analogue is expressed as a percentage
of the actin polymerization rate in the presence of the analogue
relative to the actin polymerization rate without analogue
addition (buffer), as described in the Experimental Section.
This activity accounts for the overall ability of each analogue to
bind G-actin and inhibit F-actin assembly through sequestra-
tion and/or actin filament capping.

To measure the F-actin depolymerization activity of each
analogue, pyrene-F-actin filaments were diluted rapidly to a
final concentration of 0.2 μM in a solution containing 10 μM
analogue, along with 50 mM KCl, 2 mM MgCl2, and 1 mM
ATP (final concentrations). The change in the fluorescence
signal from pyrene that occurs during pyrene-F-actin
depolymerization was then plotted as a function of time
(Figures S4−S6). The F-actin depolymerization activity of
each analogue is expressed as a percentage of the amount of
pyrene-F-actin fluorescence at 900 s in the presence of the
analogue relative to the amount of pyrene-F-actin fluorescence
at 900 s in the presence of 10 μM MycB, as described in the
Experimental Section. This activity accounts for the overall
ability of each analogue to bind to F-actin filaments and
remove actin subunits from their ends and/or sever the
filaments in smaller polymers. As mentioned earlier, in F-actin,
the hydrophobic cleft between subdomains 1 and 3 is occupied
by the DNase I-binding loop of the longitudinal actin subunit
in the filament (Figure 2). Therefore, an analogue must
outcompete this interaction to cause F-actin severing and/or
release of G-actin subunits from the ends.

Figure 7. Effects of modifications at the R1 and R4 sites. The
structures of the generic tail compounds for assessing substitutions at
R1 and R4 are shown at the top. Substitutions at R1 and R4 are shown
for each analogue in the second column of the tables. (A) Activity of
analogues with R1 substituent variations. (B−D) Activity of analogues
with R4 substituent variations. G-actin polymerization inhibition and
F-actin depolymerization activity of each analogue were determined as

Figure 7. continued

described for Figure 5. All data are the mean and standard deviation
of three independent experiments.
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Effect of Modifications at the MVF (R3). Substitution of the
native methyl at R3 (2b) with a slightly larger electron-
donating ethyl group (2c) dramatically improved G-actin
polymerization inhibition (85 versus 21%) and F-actin
depolymerization activity (67 versus 6%) compared to 2b
(Figure 5, including Figures S1 and S4). The electron-deficient
trifluoroethyl group (2d) gave a similar but slightly more
modest boost in G-actin polymerization inhibition (81 versus
21%) and F-actin depolymerization activity (53 versus 6%).
However, there was no further enhancement in activity for
analogues with cyclopropyl and propyl groups (2e and 2f).
Similarly, rigidifying the MVF-terminus of the tail with cyclic
amides (2g, 2h, 2i) only slightly enhanced the G-actin
polymerization inhibition activity over the native MVF-
containing analogue (2b) (Figure 5, including Figures S1
and S4). These data indicate that adding a larger electron-rich
group can assist H-bonding and improve the fit within the
hydrophobic pocket at the barbed end of actin’s cleft; however,
bulkier substituents are detrimental because of increased steric
hindrance.

The impact of the ethyl group is evident from the crystal
structure of the actin−analogue 2a complex (PDB ID
6W7V),13 which shows the presence of a new hydrophobic
contact between Leu346 and the ethyl group. The N-ethyl
group occupies the same position as a water molecule in the
structure of the actin−ulapualide A complex (PDB ID 1S22)18

and the actin−chivosazole complex (PDB ID 6QRI).56 In
these complexes, the water molecule sits in the hydrophobic
pocket lined by Glu342, Leu346, Phe352, Glu343, Val139, and
Leu140. Thus, the higher activity of 2a could be due to a
desolvation effect resulting from burying the larger ethyl group
in the hydrophobic pocket.

Effect of Modifications at the C30 Ester (C30 Stereo-
chemistry and R2). Preliminary efforts probed the impact of
the stereochemistry at C30 with the parent N-Me variant of the
MVF group at R3 and ethyl groups at R1, R2, and R4. To this
end, we observed that the (S)-configuration at C30 (2j) is 5-
fold less active than the natural (R)-configuration (2k) at
inhibiting G-actin polymerization (IC50 R/S = 1.0/5.5 μM)
and 3-fold less active at F-actin depolymerization (Figure 6A,
including Figures S2 and S5). This result is consistent with an
unfavorable steric interaction between the newly positioned
C30 propionate group and Leu346, which decreases the
binding affinity of the compound (vide supra). The (S)-

configuration could also reduce steric clashes between the
central aliphatic region and any actin subunits engaging the
barbed end cleft. Both changes would reduce G-actin
polymerization inhibition activity, thus explaining the predom-
inance of the C30 (R)-stereoisomer in actin barbed end-
targeting macrolides.

Modifications to the ester at R2 also dramatically impact the
actin polymerization inhibition and F-actin depolymerization
activities of the analogue. Alicyclic esters (2l, 2m, and 2n) with
three different ring sizes (4 to 6 membered), cyclic ethers (2o,
2q, and 2r), and N-methyl pyrrolidine (2p) were more potent
than the parent analogue 2b (Figure 6B, including Figures S2
and S5). In this case, the activity was moderately affected by
size, hydrophobicity, and charge but more significantly affected
by the stereochemical configuration of C30. The (R)-
configuration of the tetrahydrofuran (2r) was the most active
substituent at the R2 position in terms of G-actin polymer-
ization inhibition activity and especially regarding F-actin
depolymerization activity. Similar effects involving substituent
changes at C50 were described in the work by Suenaga et al.
where a methyl ether group with an (R)-configuration was
more potent than the (S)-stereoisomer (IC50 of R/S = 2.7/4.4
μM in F-actin depolymerization assay).31 Another important
advantage of the tetrahydrofuranyl derivative 2r is that the α-
stereocenter is less prone to epimerization, which contrasts the
acyclic ester derived from 2,3-di-O-methyl-D-glyceric acid that
is configurationally unstable under the Yamaguchi condi-
tions.31

Modifications at the Branches from C24 (R1 and R4).
Installation of ethyl, isopropyl, and cyclohexane substituents at
R1 each had unique effects on the G-actin polymerization
inhibition and F-actin depolymerization activity (Figure 7A,
including Figures S3 and S6). The bulky cyclohexane
substituent (2t) produced the most significant activity increase,
most likely due to the expansion of the hydrophobic interface
area between the tail and actin. Modifications at the R4 site
(O2 branch on the C24 terminus) resulted in more dramatic
effects on F-actin depolymerization activity than on G-actin
polymerization inhibition. The propionate ester (2s) was able
to efficiently depolymerize F-actin at a concentration of 10 μM,
while the parent alcohol (8a) was inactive (Figure 7B). This
suggests that an −OH group at C24 does not provide an
effective H-bond donor for the carbonyl group of Tyr143 as
expected.

Scheme 1. Synthesis of Structurally Diverse Truncated Mycalolide B Analogues
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Extending the hydrocarbon chain length and introducing a
terminal amino group at R4 (2u and 2a) did not improve the in
vitro actin polymerization inhibition activity or F-actin
depolymerization activity compared to the ethyl substituent
(Figure 7C,D). Interestingly, the 4-aminobutanoate substituent
is better tolerated in combination with an N-ethylformamide
rather than an N-methylformamide (2a vs 2u). This highlights
that substitutions at distant modification sites (R3 and R4) can
have additive effects, which provides the rationale for
investigating other combinations of substituents to identify
complementary actin-binding interactions and/or F-actin-
disruptive analogue structures. Another surprising effect of
the 4-aminobutanoate substituent at R4 was observed in
cultured tumor cells. As described below, this modification
boosts the cell invasion inhibition activity of the analogue
substantially.

Effects of the MycB tail Analogues on Cultured
Tumor Cells. We previously showed that low doses of MycB
and synthetic analogue 2a disrupt the actin cytoskeleton in
human HER2+ breast cancer (HCC1954) and ovarian cancer
(SKOV3) cell lines within minutes.13,21 Membrane projections
began to collapse upon treatment of SKOV3 cells with 1 μM of
analogue 2a or 0.1 μM MycB, and large F-actin aggregates
formed. This outcome implies that both compounds enter the
cell quickly and can disrupt actin filament-dependent
structures in cancer cells, such as prominent leading-edge
projections like filopodia or lamellipodia, which leads to loss of
cell motility and invasion capacity. To analyze the structure−
activity relationship of the analogues’ effects on cell motility
and cell invasion capacity, we used a modified wound closure
assay with human lung cancer A549 cells. These cells form
well-defined monolayers with seamless cell−cell contacts,
enabling efficient and accurate tracking of wound healing

dynamics. Here, monolayers of A549 cells were overlaid after
scratch-wound formation with collagen-rich ECM prior to
treatment with each analogue. Cell invasion and wound closure
were tracked over 50 h (Figure 8, including Figure S7). Out of
all analogues tested, only 2a and 2u at 10 μM and MycB at 0.1
μM (final concentrations) caused a significant decrease in
relative wound density change over time compared with
nontreated cells, indicating inhibition of A549 cell invasion.
Although 2a and 2u are far less potent than MycB, comparison
of the invasion rate between pairs of analogues with the (R)-
tetrahydrofuran ester side chain feature (2r and 2u, and 2v and
2a) shows that the 4-aminobutanoate at C24 boosts cell
invasion inhibition activity of these analogues, even though 2a
and 2u are not the most potent G-actin polymerization
inhibitors and F-actin depolymerizers in our library of
analogues (Figure 7C,D). These findings are highly useful
for guiding design of new derivatives and might not have been
considered if the effects of the analogues had only been studied
on purified actin protein.

The reason 2a and 2u were the most active compounds in
cells might be due to a decrease in the partitioning coefficient
(Log P)57 by the terminal amine (5.67 vs 4.55 for 2v and 2a,
and 5.30 vs 4.18 for 2r and 2u) (Table S1), giving these
analogues a better balance of hydrophilicity and lipophilicity in
order to remain soluble in culture media and to cross the cell
membrane. They may also experience fewer off-target binding
interactions or be less optimal substrates for efflux pumps
compared to the other analogues. Finally, 2a and 2u might
interfere more effectively with one or more of the many actin-
binding proteins that regulate actin cytoskeleton dynamics and
stability in cells. While Mycalolide B and other natural actin
barbed end-binding macrolides still appear to optimally
combine these features, and thus remain superior in their

Figure 8. Effect of analogues on A549 cell invasion. The change in relative wound cell density (%) over 50 h was analyzed for A549 cells treated
with 10 μM analogues (2r = light blue line, squares; 2v = orange line, circles; 2u = blue line, squares; 2a = red line, circles), 0.1 μM MycB (gray
line, triangles), or 1% dimethyl sulfoxide (DMSO) (black line, empty circles). Cells were microscopically imaged and RWD measured using an
IncuCyte ZOOM. Plots show the mean value of three independent experiments for each condition. Error bars represent standard deviation.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.3c01532
J. Med. Chem. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c01532/suppl_file/jm3c01532_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c01532/suppl_file/jm3c01532_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01532?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01532?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01532?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01532?fig=fig8&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


disruptive effects on the actin cytoskeleton compared to
truncated synthetic derivatives, our findings highlight areas to
focus on to help close this activity gap.

■ CONCLUSIONS
Our data indicate that specific modifications at the R1, R2, R3,
and R4 positions of the acyclic side chain (tail) of the
macrolide Mycalolide B are well tolerated. At these positions,
we identified new substituents, such as the (R)-tetrahydrofuran
ester side chain of C30, that improve the actin-disrupting
activity of simplified MycB derivatives. Analogue 2c inhibits
the polymerization of purified G-actin with comparable
potency to natural MycB despite a 40% reduction in molecular
weight (compare Figures S1 and S3). Analogues 2d, 2e, 2r,
and 2v are also only 3-fold weaker than MycB at inhibiting G-
actin polymerization. Interestingly, the F-actin depolymeriza-
tion activity of all analogues remains at least 16-fold lower
(analogues 2c, 2q, 2r, 2v, and 2a) than MycB. Moreover, the
discrepancy in each analogue’s ability to inhibit G-actin
polymerization and stimulate F-actin depolymerization, or
severing, is not always comparable. For example, while 2c is the
most effective analogue at actin polymerization inhibition, it is
not the best at stimulating F-actin depolymerization.
Importantly, our data demonstrate that changes in the C30-
C24 segment of the tail have more pronounced effects on F-
actin depolymerization than changes in the MVF moiety,
perhaps because the C30-C24 segment is the region that must
compete with the DNase I-binding loop of the adjacent actin
subunit to disrupt the F-actin polymer. That said, retention of
the MVF appears to be a critical requirement for this class of
compounds’ overall actin inhibitory activity.

Our cell-based assays show that analogues with the longest
extension of C24 (O2 branch) and the additional 4-
aminobutanoate group were the most active inhibitors of cell
migration and invasion (2a and 2u). This is intriguing because
these two analogues were not the best in vitro G-actin
polymerization inhibitors, and only analogue 2a showed
appreciable F-actin depolymerization activity. These observa-
tions bear similarity to findings reported previously by
Suenaga31 that the in vitro actin depolymerization activity
provided by the tail of Mycalolide B is not directly related to its
cytotoxicity. Rather, the presence of its macrolide ring is more
important for this. As such, analogues with substituents that
can mimic parts of the MycB ring should impede cancer cell
invasion at a much lower dose than analogues 2a and 2u and
are therefore being developed. Moreover, the positions within
the tail of MycB that we identified to be most tolerant of
different substituents could be used as sites to add targeting
groups for more precise drug delivery. Advances in both of
these areas could support the development antibody−drug
conjugates (ADCs) that combine the toxic activity of the actin-
disrupting compounds with the unique binding capabilities of
cancer cell-specific monoclonal antibodies (mAbs) to target
these treatments to primary tumors or metastases.58

■ EXPERIMENTAL SECTION
General Synthetic Information and Procedures. All reactions

were carried out in anhydrous solvent using commercially available
reagents that were used as received. Dichloromethane, tetrahydrofur-
an (THF), and diethyl ether were dried by passage through activated
alumina columns. Dimethylformamide (DMF) and isopropanol were
dried over activated 4 Å molecular sieves. Dimethylethylamine and
triethylamine were distilled from calcium hydride and stored over

potassium hydroxide. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was
distilled from potassium hydroxide. Analytical thin-layer chromatog-
raphy (TLC) was performed on precoated 0.2 mm thick silica gel 60-
F254 plates (Merck); visualized using UV light and then a solution of
KMnO4 or ceric ammonium molybdate or ninhydrin, followed by
heating. All compounds were purified by flash chromatography using
silica gel 60 (40−63 μm, Silicycle) and gave spectroscopic data
consistent with being ≥95% the assigned structure. Solvents for
extraction and flash chromatography were reagent grade. Optical
rotations ([α]D°C) were measured on an Anton Parr MCP 200
polarimeter with a tungsten halogen lamp (589 nm) at the stated
temperature (indicated in °C as superscript) using a 0.7 mL quartz
cell of 100 mm length; solution concentrations (c) are given in g/100
mL. 1H NMR, 13C NMR, and 2D-COSY were recorded on a Bruker
Avance DRX-500 spectrometer in CDCl3 at ambient temperature;
chemical shifts (δ) are presented in ppm and calibrated using the
signal of the residual undeuterated solvent as an internal reference (δH
= 7.26 ppm for CDCl3) and using the signal of the deuterated solvent
for 13C NMR (δC = 77.16 ppm for CDCl3). 1H NMR data are
reported as chemical shift (multiplicity, first-order spin system if
available, coupling constant, and integration). Coupling constants (J)
are reported in Hz, and apparent splitting patterns are designated
using the following abbreviations: s (singlet), d (doublet), t (triplet),
q (quartet), quintet, sextet, septet, octet, m (multiplet), br. (broad),
app. (apparent), and combinations thereof. 13C NMR spectra with
proton decoupling were described with the aid of an APT sequence,
separating methylene and quaternary carbons (e, even) from methyl
and methine carbons (o, odd). For N-ethylformamides existing as
mixtures of rotamers, distinguishable resonances of the minor rotamer
are denoted with an asterisk *[] and *() in 1H and 13C NMR,
respectively. Infrared spectra were obtained on an Agilent Technologies
Cary 630 FT-IR (ATR) spectrometer; wavenumbers (ν) are given in
cm−1; and the abbreviations w (weak, <33%), m (medium, 33−66%),
s (strong, >66%), vs (very strong, ≥95%), br (broad), and sh
(shoulder) are used to describe the relative intensities of the IR
absorbance bands. Mass spectra were obtained through the Chemistry
Department Mass Spectrometry Service at Queen’s University.

Spectral Data of the Analogues 2b−v and 8a.
(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetramethyl-1-
(N-methylformamido)-12-(propionyloxy)tetradec-1-en-6-yl Isobu-
tyrate (2b).

Physical State: Colorless oil.
Rf = 0.6 (1:1 EtOAc/hexanes).
[α]D

22−28.3 (c = 0.13, CHCl3).
Rotamer Ratio: 1.7:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.05 (s, 1H)], 6.45

(d, J = 14.2 Hz, 1H) *[7.12 (d, J = 14.7 Hz, 1H)], 5.18 (td, J = 6.7,
1.4 Hz, 1H) *[5.17 (td, J = 6.8, 1.3 Hz, 1H)], 5.10 (dd, J = 14.1, 9.1
Hz, 1H) *[5.12 (dd, J = 14.6, 9.2 Hz, 1H)], 4.97 (dt, J = 8.6, 4.3 Hz,
1H), 3.43 (s, 3H) *[3.43 (s, 3H)], 3.29 (s, 3H), 3.00 (s, 3H) *[3.03
(s, 3H)], 2.90 (dt, J = 8.1, 3.9 Hz, 1H), 2.79 (dd, J = 9.6, 2.3 Hz, 1H)
*[2.79 (dd, J = 9.7, 2.2 Hz, 1H)], 2.55 (septet, J = 7.0 Hz, 1H) *[2.55
(septet, J = 7.1 Hz, 1H)], 2.43 (dqd, J = 9.2, 6.9, 2.2 Hz, 1H) *[2.48
(dqd, J = 9.3, 7.1, 2.3 Hz, 1H)], 2.33 (q, J = 7.6 Hz, 2H) *[2.33 (q, J
= 7.5 Hz, 2H)], 1.80 (septet of d, J = 6.9, 5.0 Hz, 1H), 1.72−1.65 (m,
1H), 1.62−1.50 (m, 3H), 1.50−1.39 (m, 3H), 1.18 (d, J = 7.0 Hz,
3H), 1.18 (d, J = 7.1 Hz, 3H) *[1.17 (d, J = 7.1 Hz, 3H)], 1.16 (d, J =
6.9 Hz, 3H), 1.14 (t, J = 8.1 Hz, 3H), 1.00−0.92 (m, 1H), 0.88 (d, J =
6.8 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.9 Hz, 3H), 0.84
(d, J = 6.9 Hz, 3H).

13C NMR (125 MHz, CDCl3) δ 176.76 (e) *(176.80), 174.32 (e),
162.27 (o) *(160.95), 128.72 (o) *(124.75), 111.97 (o) *(113.70),
86.75 (o) *(86.80), 82.04 (o) *(82.01), 75.55 (o) *(75.52), 73.18

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.3c01532
J. Med. Chem. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.3c01532/suppl_file/jm3c01532_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01532?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01532?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01532?fig=sec4.2.1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01532?fig=sec4.2.1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(o) *(73.22), 61.88 (o) *(61.96), 58.20 (o) *(58.19), 39.78 (o)
*(39.77), 37.94 (o) *(38.27), 35.33 (o) *(35.24), 34.64 (o), 32.69
(e) *(32.64), 32.35 (o), 30.84 (e) *(30.66), 28.11 (e), 27.71 (o)
*(33.20), 27.57 (e) *(27.46), 20.22 (o) *(20.40), 19.35 (o), 19.28
(o), 18.51 (o), 17.62 (o) *(17.65), 15.55 (o) *(15.52), 10.02 (o)
*(9.85), 9.64 (o).

IR (neat) 2966 (m), 2933 (m), 2876 (w), 2829 (w), 1726 (s),
1693 (m), 1655 (vs), 1462 (m), 1385 (m), 1366 (m), 1340 (m),
1322 (m), 1269 (m), 1190 (s), 1159 (m), 1091 (s), 1066 (s), 1006
(m), 965 (m), 943 (m), 910 (w), 822 (w), 808 (w), 727 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C29H54NO7 528.3895, found
528.3884.

(3R,4R,5S,6R,9S,10S,12S,E)-1-(N-Ethylformamido)-4,10-dime-
thoxy-3,5,9,13-tetramethyl-12-(propionyloxy)tetradec-1-en-6-yl
Isobutyrate (2c).

Physical State: Colorless oil.
Rf = 0.65 (1:1 EtOAc/hexanes).
[α]D

20−36.2 (c = 0.25, CHCl3).
Rotamer Ratio: 1.8:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.22 (s, 1H) *[8.10 (s, 1H)], 6.27

(d, J = 14.3 Hz, 1H) *[6.94 (d, J = 15.0 Hz, 1H)], 5.19−5.15 (m,
1H), 5.14 (dd, J = 14.5, 9.2 Hz, 1H), 4.97 (ddd, J = 8.6, 4.7, 3.7 Hz,
1H), 3.62 (dq, J = 13.8, 7.0 Hz, 1H), 3.58 (dq, J = 13.8, 7.0 Hz, 1H)
*[3.51 (q, J = 7.1 Hz, 2H)], 3.43 (s, 3H) *[3.42 (s, 3H)], 3.29 (s,
3H) *[3.29 (s, 3H)], 2.90 (dt, J = 8.6, 3.6 Hz, 1H), 2.80 (dd, J = 9.5,
2.5 Hz, 1H) *[2.79 (dd, J = 9.7, 2.6 Hz, 1H)], 2.55 (septet, J = 7.0
Hz, 1H) *[2.55 (septet, J = 7.0 Hz, 1H)], 2.42 (dqd, J = 9.1, 6.9, 2.2
Hz, 1H) *[2.47 (dqd, J = 9.1, 6.9, 2.3 Hz, 1H)], 2.32 (q, J = 7.6 Hz,
2H) *[2.33 (q, J = 7.5 Hz, 2H)], 1.79 (septet of d, J = 6.8, 5.0 Hz,
1H), 1.72−1.65 (m, 1H), 1.62−1.50 (m, 3H), 1.49−1.39 (m, 3H),
1.18 (d, J = 7.0 Hz, 3H), 1.18 (d, J = 7.0 Hz, 3H) *[1.17 (d, J = 6.9
Hz, 3H)], 1.16 (d, J = 7.0 Hz, 3H) *[1.15 (d, J = 6.9 Hz, 3H)], 1.15
(d, J = 7.6 Hz, 3H) *[1.15 (d, J = 7.6 Hz, 3H)], 1.12 (t, J = 7.2 Hz,
3H) *[1.23 (t, J = 7.1 Hz, 3H)], 0.99−0.91 (m, 1H), 0.87 (d, J = 6.8
Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H), 0.85 (d, J = 7.1 Hz, 3H) *[0.83 (d,
J = 7.3 Hz, 3H)], 0.84 (d, J = 6.8 Hz, 3H), *[0.84 (d, J = 6.9 Hz,
3H)].

13C NMR (125 MHz, CDCl3) δ 176.76 (e), 174.33 (e), 161.94 (o)
*(160.84), 127.06 (o) *(122.75), 112.28 (o) *(113.78), 86.66 (o)
*(86.74), 82.00 (o) *(81.96), 75.51 (o) *(75.49), 73.22 (o)
*(73.27), 61.84 (o) *(61.94), 58.21 (o) *(58.20), 39.67 (o), 38.16
(o) *(38.51), 35.83 (e) *(40.89), 35.39 (o) *(35.35), 34.64 (o),
32.66 (e) *(32.63), 32.34 (o), 30.75 (e) *(30.59), 28.11 (e), 27.50
(e) *(27.41), 20.07 (o) *(20.22), 19.36 (o), 19.27 (o), 18.53 (o),
17.60 (o) *(17.64), 15.53 (o) *(15.50), 12.04 (o) *(14.09), 9.92 (o)
*(9.74), 9.65 (o).

IR (neat) 2967 (m), 2935 (m), 2876 (w), 2829 (w), 1727 (s),
1694 (m), 1654 (vs), 1461 (m), 1404 (m), 1382 (m), 1364 (m),
1341 (m), 1256 (m), 1217 (m), 1191 (s), 1159 (m), 1091 (s), 1006
(m), 966 (m), 944 (m), 910 (w), 816 (w), 801 (w), 714 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C30H56NO7 542.4051, found
542.4043.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-12-(propionyloxy)-1-(N-(2,2,2-trifluoroethyl)formamido)-
tetradec-1-en-6-yl Isobutyrate (2d).

Physical State: Colorless oil.
Rf = 0.7 (1:1 EtOAc/hexanes).

[α]D
20−30.8 (c = 0.3, CHCl3).

Rotamer Ratio: 3.1:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.36 (s, 1H) *[8.12 (s, 1H)], 6.32

(d, J = 14.3 Hz, 1H) *[7.00 (d, J = 14.9 Hz, 1H)], 5.35 (dd, J = 14.4,
9.1 Hz, 1H) *[5.31 (dd, J = 14.8, 9.1 Hz, 1H)], 5.17−5.13 (m, 1H),
4.97 (ddd, J = 8.6, 4.6, 3.8 Hz, 1H), 4.24−4.11 (m, 2H) *[4.06−4.00
(m, 2H)], 3.42 (s, 3H), 3.29 (s, 3H), 2.89 (dt, J = 8.3, 3.6 Hz, 1H),
2.80 (dd, J = 9.5, 2.2 Hz, 1H) *[2.79 (dd, J = 9.8, 2.1 Hz, 1H)], 2.55
(septet, J = 7.0 Hz, 1H), 2.51−2.43 (m, 1H), 2.32 (q, J = 7.6 Hz, 2H)
*[2.33 (q, J = 7.8 Hz, 2H)], 1.83−1.76 (m, 1H), 1.71−1.62 (m, 1H),
1.59−1.52 (m, 3H), 1.50−1.39 (m, 3H), 1.18 (d, J = 7.2 Hz, 3H)
*[1.17 (d, J = 7.0 Hz, 3H)], 1.17 (t, J = 6.7 Hz, 3H), 1.16 (d, J = 7.0
Hz, 3H), *[1.15 (d, J = 7.5 Hz, 3H)], 1.15 (d, J = 7.4 Hz, 3H), 0.97−
0.90 (m, 1H), 0.88 (d, J = 6.8 Hz, 3H), 0.87 (d, J = 6.7 Hz, 3H), 0.84
(d, J = 6.9 Hz, 6H) *[0.83 (d, J = 7.0 Hz, 6H)].

13C NMR (125 MHz, CDCl3) δ 176.74 (e) *(176.77), 174.35 (e),
162.17 (o) *(161.16), 126.48 (o) *(122.88), 123.96 (e, q, 1JCF =
280.9 Hz), 116.23 (o) *(114.99), 86.37 (o) *(86.46), 82.03 (o)
*(82.02), 75.54 (o) *(75.52), 73.19 (o) *(73.26), 61.88 (o)
*(61.98), 58.19 (o), 42.56 (e, q, 2JCF = 35.5 Hz), 39.50 (o), 37.97
(o) *(38.35), 35.49 (o), 34.62 (o), 32.63 (e), 32.31 (o), 30.76 (e)
*(30.62), 28.09 (e), 27.38 (e) *(27.31), 19.78 (o) *(20.04), 19.35
(o), 19.26 (o), 18.52 (o), 17.53 (o) *(17.56), 15.50 (o) *(15.47),
9.81 (o), 9.63 (o).

19F NMR (470 MHz, CDCl3) δ 68.55 (t, J = 8.7 Hz, CF3)
*[−70.32 (t, J = 8.5 Hz, CF3)].

IR (neat) 2967 (m), 2933 (w), 2877 (w), 2832 (w), 1725 (m),
1704 (m), 1663 (s), 1462 (w), 1387 (m), 1367 (m), 1340 (m), 1328
(m), 1265 (m), 1192 (s), 1155 (s), 1112 (vs), 1091 (s), 1011 (m),
967 (m), 953 (m), 909 (w), 830 (w), 804 (w), 719 (w) cm−1.

HRMS (ESI, [M + H]+) C30H53F3NO7 596.3769, found 596.3785.
(3R,4R,5S,6R,9S,10S,12S,E)-1-(N-Cyclopropylformamido)-4,10-di-

methoxy-3,5,9,13-tetramethyl-12-(propionyloxy)tetradec-1-en-6-yl
Isobutyrate (2e).

Physical State: Colorless oil.
Rf = 0.6 (1:1 EtOAc/hexanes).
[α]D

20−38.9 (c = 0.8, CHCl3).
Rotamer Ratio: 6:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.25 (s, 1H) *[8.23 (s, 1H)], 6.96

(d, J = 14.7 Hz, 1H), *[6.23 (d, J = 14.2 Hz, 1H)], 5.46 (dd, J = 14.7,
9.3 Hz, 1H), *[5.41 (dd, J = 14.2, 9.2 Hz, 1H)], 5.17 (td, J = 7.0, 1.3
Hz, 1H), 4.97 (ddd, J = 8.6, 4.7, 3.4 Hz, 1H), 3.42 (s, 3H), 3.29 (s,
3H), 2.89 (dt, J = 8.9, 3.4 Hz, 1H), 2.79 (dd, J = 9.8, 2.0 Hz, 1H),
2.60 (ddt, J = 10.6, 7.0, 3.6 Hz, 1H) *[2.41 (ddt, J = 10.8, 7.1, 3.6 Hz,
1H)], 2.54 (septet, J = 7.0 Hz, 1H), 2.47 (dqd, J = 9.2, 7.0, 2.1 Hz,
1H), 2.32 (q, J = 7.6 Hz, 2H), 1.79 (septet of d, J = 6.7, 5.0 Hz, 1H),
1.73−1.66 (m, 1H), 1.62−1.50 (m, 3H), 1.49−1.40 (m, 1H), 1.46
(app. td, J = 8.8, 3.0 Hz, 2H), 1.17 (d, J = 7.1 Hz, 3H), 1.17 (d, J = 7.0
Hz, 3H), 1.15 (t, J = 7.7 Hz, 3H), 1.15 (d, J = 7.1 Hz, 3H), 0.99−0.90
(m, 3H), 0.87 (d, J = 6.8 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H), 0.83 (d, J
= 6.9 Hz, 3H), 0.83 (d, J = 6.9 Hz, 3H), 0.74−0.66 (m, 1H), 0.66−
0.58 (m, 1H).

13C NMR (125 MHz, CDCl3) δ 176.77 (e) *(176.74), 174.32 (e),
162.05 (o) *(163.22), 124.38 (o) *(128.10), 114.70 (o) *(114.92),
86.63 (o) *(86.54), 81.95 (o) *(81.99), 75.45 (o) *(75.49), 73.27
(o) *(73.22), 61.82 (o) *(61.77), 58.16 (o) *(58.23), 39.59 (o)
*(39.65), 38.20 (o) *(37.87), 35.28 (o) *(35.36), 34.62 (o), 32.56
(e) *(32.61), 32.32 (o), 30.56 (e) *(30.74), 28.09 (e), 27.36 (e)
*(27.47), 27.34 (o), 20.03 (o) *(19.83), 19.35 (o), 19.25 (o), 18.49
(o), 17.62 (o) *(17.58), 15.52 (o) *(15.55), 9.73 (o) *(9.89), 9.63
(o) *(9.86), 6.53 (e) *(7.63), 6.36 (e) *(7.58).

IR (neat) 2966 (m), 2934 (m), 2876 (w), 2829 (w), 1726 (s),
1684 (s), 1656 (s), 1460 (m), 1381 (m), 1368 (m), 1340 (m), 1292
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(m), 1273 (s), 1190 (s), 1159 (s), 1088 (vs), 1029 (m), 1006 (m),
965 (m), 910 (m), 828 (w), 732 (m) cm−1.

HRMS (ESI, [M + H]+) calcd for C31H56NO7 554.4051, found
554.4050.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-12-(propionyloxy)-1-(N-propyl formamido)tetradec-1-en-6-yl
Isobutyrate (2f).

Physical State: Colorless oil.
Rf = 0.7 (1:1 EtOAc/hexanes).
[α]D

20−21.5 (c = 0.38, CHCl3).
Rotamer Ratio: 1.5:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.26 (s, 1H) *[8.07 (s, 1H)], 6.28

(d, J = 14.3 Hz, 1H) *[6.96 (d, J = 14.9 Hz, 1H)], 5.17 (td, J = 6.8,
1.6 Hz, 1H), 5.15 (dd, J = 14.7, 9.3 Hz, 1H) *[5.12 (dd, J = 14.5, 9.2
Hz, 1H)], 4.97 (ddd, J = 8.6, 4.5, 3.6 Hz, 1H), 3.52−3.49 (m, 2H)
*[3.40 (t, J = 7.5 Hz, 2H)], 3.42 (s, 3H) *[3.42 (s, 3H)], 3.29 (s, 3H)
*[3.29 (s, 3H)], 2.90 (dt, J = 8.4, 3.7 Hz, 1H), 2.79 (dd, J = 9.6, 2.6
Hz, 1H) *[2.78 (dd, J = 9.7, 2.5 Hz, 1H)], 2.55 (septet, J = 7.0 Hz,
1H) *[2.55 (septet, J = 7.0 Hz, 1H)], 2.42 (dqd, J = 9.1, 7.0, 2.3 Hz,
1H) *[2.46 (dqd, J = 9.1, 7.0, 2.1 Hz, 1H)], 2.32 (q, J = 7.7 Hz, 2H)
*[2.33 (q, J = 7.5 Hz, 2H)], 1.80 (septet of d, J = 6.8, 4.9 Hz, 1H),
1.72−1.66 (m, 1H), 1.66−1.50 (m, 5H), 1.49−1.39 (m, 3H), 1.18 (d,
J = 7.0 Hz, 3H) *[1.18 (d, J = 7.0 Hz, 3H)], 1.18 (d, J = 7.1 Hz, 3H)
*[1.17 (d, J = 6.9 Hz, 3H)], 1.17−1.14 (m, 6H), 1.01−0.93 (m, 1H),
0.90 (t, J = 7.5 Hz, 3H) *[0.90 (t, J = 7.4 Hz, 3H)], 0.88 (d, J = 6.8
Hz, 3H), 0.87 (d, J = 6.9 Hz, 3H), 0.84 (d, J = 7.0 Hz, 3H) *[0.84 (d,
J = 6.9 Hz, 3H)], 0.83 (d, J = 6.9 Hz, 3H).

13C NMR (125 MHz, CDCl3) δ 176.76 (e) *(176.79), 174.33 (e),
162.27 (o) *(161.12), 127.56 (o) *(123.05), 112.59 (o) *(113.86),
86.65 (o) *(86.72), 81.97 (o) *(81.92), 75.51 (o) *(75.49), 73.21
(o) *(73.26), 61.80 (o) *(61.90), 58.20 (o), 42.63 (e) *(47.75),
39.71 (o), 38.50 (o), 38.16 (o), 35.41 (o) *(35.36), 34.63 (o), 32.67
(e) *(32.64), 32.33 (o), 30.80 (e) *(30.64), 28.10 (e), 27.52 (e)
*(27.42), 20.03 (e) *(20.97), 19.36 (o) *(20.17), 19.26 (o)
*(20.01), 18.53 (o), 17.59 (o) *(17.63), 15.55 (o) *(15.52), 11.45
(o) *(11.26), 9.92 (o) *(9.75), 9.64 (o).

IR (neat) 2964 (m), 2932 (m), 2875 (m), 2831 (w), 1728 (s),
1690 (m), 1655 (vs), 1461 (m), 1403 (w), 1383 (m), 1367 (m), 1341
(m), 1324 (w), 1262 (m), 1192 (s), 1159 (m), 1092 (s), 1011 (w),
967 (m), 911 (w), 805 (w), 757 (w) cm−1.

HRMS (ESI, [M + Na]+) calcd for C31H57NO7Na 578.4027, found
578.4036.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-1-(2-oxoazetidin-1-yl)-12-(propionyloxy)tetradec-1-en-6-yl Iso-
butyrate (2g).

Physical State: Colorless oil.
Rf = 0.55 (1:1 EtOAc/hexanes).
[α]D

20−45.0 (c = 0.5, CHCl3).
1H NMR (500 MHz, CDCl3) δ 6.54 (d, J = 14.4 Hz, 1H), 5.16 (td,

J = 7.0, 1.3 Hz, 1H), 4.99 (dd, J = 14.4, 9.2 Hz, 1H), 4.97 (dt, J = 9.1,
4.6 Hz, 1H), 3.41 (s, 3H), 3.38 (t, J = 4.4 Hz, 2H), 3.29 (s, 3H), 2.96
(t, J = 4.4 Hz, 2H), 2.90 (dt, J = 8.5, 3.7 Hz, 1H), 2.76 (dd, J = 9.8,
2.0 Hz, 1H), 2.54 (septet, J = 7.0 Hz, 1H), 2.40 (dqd, J = 8.9, 6.9, 1.7
Hz, 1H), 2.33 (q, J = 7.6 Hz, 2H), 1.80 (septet of d, J = 6.8, 5.1 Hz,
1H), 1.74−1.66 (m, 1H), 1.61−1.50 (m, 3H), 1.50−1.40 (m, 3H),
1.17 (d, J = 7.0 Hz, 3H), 1.17 (d, J = 7.0 Hz, 3H), 1.15 (t, J = 7.6 Hz,

3H), 1.12 (d, J = 7.0 Hz, 3H), 0.99−0.91 (m, 1H), 0.88 (d, J = 6.8
Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.9 Hz, 3H), 0.82 (d, J
= 7.0 Hz, 3H).

13C NMR (125 MHz, CDCl3) δ 176.78 (e), 174.34 (e), 163.94 (e),
122.12 (o), 111.88 (o), 86.65 (o), 81.96 (o), 75.46 (o), 73.14 (o),
61.97 (o), 58.15 (o), 39.71 (o), 38.33 (e), 37.39 (o), 36.07 (e), 35.15
(o), 34.61 (o), 32.56 (e), 32.33 (o), 30.67 (e), 28.09 (e), 27.38 (e),
20.07 (o), 19.35 (o), 19.26 (o), 18.50 (o), 17.64 (o), 15.53 (o), 9.86
(o), 9.64 (o).

IR (neat) 2966 (m), 2935 (m), 2877 (w), 2827 (w), 1754 (s),
1726 (vs), 1658 (m), 1462 (m), 1391 (m), 1366 (m), 1339 (m),
1262 (w), 1191 (s), 1159 (m), 1119 (m), 1091 (s), 1034 (w), 1006
(w), 965 (m), 944 (m), 910 (w), 807 (w), 795 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C30H54NO7 540.3895, found
540.3892.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-1-(2-oxopyrrolidin-1-yl)-12-(propionyloxy)tetradec-1-en-6-yl Iso-
butyrate (2h).

Physical State: Colorless oil.
Rf = 0.5 (1:1 EtOAc/hexanes).
[α]D

20−37.1 (c = 0.5, CHCl3).
1H NMR (500 MHz, CDCl3) δ 6.87 (d, J = 14.7 Hz, 1H), 5.17 (td,

J = 7.0, 0.5 Hz, 1H), 4.97 (dt, J = 8.4, 4.3 Hz, 1H), 4.93 (dd, J = 14.7,
9.3 Hz, 1H), 3.53−3.45 (m, 2H), 3.42 (s, 3H), 3.28 (s, 3H), 2.89 (dt,
J = 8.5, 3.5 Hz, 1H), 2.77 (dd, J = 9.8, 1.5 Hz, 1H), 2.54 (septet, J =
7.0 Hz, 1H), 2.48−2.42 (m, 1H), 2.47 (t, J = 8.1 Hz, 2H), 2.32 (q, J =
7.6 Hz, 2H), 2.07 (quintet, J = 7.5 Hz, 2H), 1.79 (septet of d, J = 6.8,
1.8 Hz, 1H), 1.73−1.63 (m, 1H), 1.61−1.50 (m, 3H), 1.49−1.39 (m,
3H), 1.17 (d, J = 6.8 Hz, 3H), 1.17 (d, J = 6.9 Hz, 3H), 1.15 (t, J = 7.4
Hz, 3H), 1.14 (d, J = 6.9 Hz, 3H), 0.94 (dtd, J = 15.1, 10.1, 4.7 Hz,
1H), 0.87 (d, J = 6.8 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H), 0.83 (d, J =
6.8 Hz, 3H), 0.83 (d, J = 6.9 Hz, 3H).

13C NMR (125 MHz, CDCl3) δ 176.75 (e), 174.28 (e), 173.01 (e),
124.05 (o), 112.71 (o), 86.76 (o), 81.95 (o), 75.45 (o), 73.19 (o),
61.93 (o), 58.12 (o), 45.43 (e), 39.70 (o), 38.06 (o), 35.15 (o), 34.59
(o), 32.57 (e), 32.31 (o), 31.43 (e), 30.61 (e), 28.06 (e), 27.37 (e),
20.43 (o), 19.32 (o), 19.24 (o), 18.48 (o), 17.61 (o), 17.52 (e), 15.47
(o), 9.82 (o), 9.61 (o).

IR (neat) 2967 (m), 2934 (m), 2876 (w), 2830 (w), 1726 (s),
1702 (vs), 1657 (m), 1461 (m), 1406 (m), 1384 (m), 1366 (m),
1322 (m), 1270 (m), 1190 (s), 1159 (s), 1091 (s), 1008 (m), 962
(m), 910 (w), 822 (w), 807 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C31H56NO7 554.4051, found
554.4066.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-1-(2-oxopiperidin-1-yl)-12-(propionyloxy)tetradec-1-en-6-yl Iso-
butyrate (2i).

Physical State: Colorless oil.
Rf = 0.5 (1:1 EtOAc/hexanes).
[α]D

20−34.3 (c = 0.4, CHCl3).
1H NMR (500 MHz, CDCl3) δ 7.39 (d, J = 14.9 Hz, 1H), 5.17 (td,

J = 7.0, 1.2 Hz, 1H), 5.01 (dd, J = 14.9, 9.4 Hz, 1H), 4.97 (ddd, J =
8.6, 4.7, 3.7 Hz, 1H), 3.42 (s, 3H), 3.41−3.32 (m, 2H), 3.29 (s, 3H),
2.90 (dt, J = 8.7, 3.5 Hz, 1H), 2.78 (dd, J = 9.9, 1.9 Hz, 1H), 2.55
(septet, J = 7.0 Hz, 1H), 2.50−2.42 (m, 1H), 2.47 (t, J = 6.6 Hz, 2H),
2.33 (q, J = 7.6 Hz, 2H), 1.90−1.83 (m, 2H), 1.82−1.75 (m, 3H),
1.73−1.65 (m, 1H), 1.60−1.50 (m, 3H), 1.49−1.39 (m, 3H), 1.18 (d,
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J = 6.9 Hz, 3H), 1.17 (d, J = 7.0 Hz, 3H), 1.16 (t, J = 7.6 Hz, 3H),
1.14 (d, J = 6.9 Hz, 3H), 0.94 (dtd, J = 12.9, 10.2, 5.0 Hz, 1H), 0.88
(d, J = 6.8 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H), 0.83 (d, J = 6.8 Hz, 6H).

13C NMR (125 MHz, CDCl3) δ 176.83 (e), 174.34 (e), 168.42 (e),
127.10 (o), 111.70 (o), 86.85 (o), 81.97 (o), 75.46 (o), 73.28 (o),
62.00 (o), 58.18 (o), 45.32 (e), 39.74 (o), 38.38 (o), 35.21 (o), 34.63
(o), 33.07 (e), 32.59 (e), 32.34 (o), 30.64 (e), 28.10 (e), 27.36 (e),
22.74 (e), 20.72 (e), 19.36 (o), 19.28 (o), 18.52 (o, ×2), 17.65 (o),
15.49 (o), 9.80 (o), 9.65 (o).

IR (neat) 2963 (m), 2934 (m), 2874 (m), 2829 (w), 1726 (vs),
1665 (s), 1645 (s), 1460 (m), 1428 (m), 1410 (m), 1383 (m), 1366
(m), 1343 (m), 1331 (m), 1297 (m), 1283 (m), 1263 (m), 1191 (s),
1161 (s), 1085 (s), 1005 (m), 965 (m), 911 (w), 821 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C32H58NO7 568.4208, found
568.4205.

(3R,5S,6S,9S,10S,11R,12R,E)-5,11-Dimethoxy-6,10,12-trimethyl-
14-(N-methylformamido)tetradic-13-ene-3,9-diyl Dipropionate
(2j).

Physical State: Colorless oil.
Rf = 0.3 (1:1 EtOAc/hexanes).
[α]D

22−41.5 (c = 0.26, CHCl3).
Rotamer Ratio: 2:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.25 (s, 1H) *[8.03 (s, 1H)], 6.43

(d, J = 14.1 Hz, 1H) *[7.09 (d, J = 14.7 Hz, 1H)], 5.13 (dd, J = 14.2,
9.0 Hz, 1H) *[5.17 (dd, J = 14.6, 9.1 Hz, 1H)], 5.08 (dt, J = 8.2, 4.0
Hz, 1H), 5.03−4.98 (m, 1H), 3.41 (s, 3H) *[3.42 (s, 3H)], 3.28 (s,
3H), 2.99 (s, 3H) *[3.03 (s, 3H)], 2.97 (dt, J = 8.1, 3.9 Hz, 1H), 2.89
(dd, J = 7.2, 3.6 Hz, 1H) *[2.88 (dd, J = 6.1, 3.3 Hz, 1H)], 2.40 (dqd,
J = 9.6, 6.6, 3.2 Hz, 1H) *[2.46 (dqd, J = 9.4, 6.7, 2.8 Hz, 1H)], 2.31
(q, J = 7.6 Hz, 2H) *[2.31 (q, J = 7.7 Hz, 2H)], 2.30 (q, J = 7.5 Hz,
2H) *[2.30 (q, J = 7.5 Hz, 2H)], 2.00−1.93 (m, 1H) *[1.93−1.88
(m, 1H)], 1.73−1.66 (m, 1H), 1.64−1.51 (m, 6H), 1.49−1.42 (m,
1H), 1.14 (t, J = 7.5 Hz, 3H), 1.13 (t, J = 7.4 Hz, 3H), 1.13 (d, J = 7.3
Hz, 3H) *[1.12 (d, J = 7.4 Hz, 3H)], 1.05 (dtd, J = 13.7, 10.7, 4.9 Hz,
1H), 0.87 (t, J = 7.4 Hz, 3H), 0.84 (d, J = 7.1 Hz, 6H), *[0.82 (d, J =
7.1 Hz, 6H)].

13C NMR (125 MHz, CDCl3) δ 174.28 (e), 174.02 (e) *(173.98),
162.28 (o) *(160.93), 128.40 (o) *(124.48), 113.10 (o) *(114.58),
87.32 (o) *(87.46), 82.02 (o) *(81.98), 74.66 (o) *(74.74), 72.85
(o), 60.72 (o) *(60.85), 58.13 (o), 39.42 (o) *(39.70), 37.90 (o)
*(38.10), 35.41 (e), 35.09 (o), 28.11 (e), 28.07 (e), 28.06 (e), 28.01
(e) *(27.86), 27.71 (o) *(33.23), 27.69 (e) *(27.65), 19.93 (o)
*(20.00), 15.35 (o) *(15.38), 11.79 (o) *(11.59), 9.61 (o), 9.54 (o),
9.46 (o).

IR (neat) 2967 (w), 2929 (w), 2878 (w), 2826 (w), 1728 (s), 1691
(m), 1655 (vs), 1460 (m), 1422 (w), 1379 (m), 1345 (m), 1323 (m),
1273 (m), 1186 (s), 1156 (sh, m), 1090 (s), 1074 (s), 1003 (m), 960
(m), 944 (sh, m), 915 (w), 878 (w), 806 (w), 728 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C27H50NO7 500.3582, found
500.3572.

(3R,5S,6S,9R,10S,11R,12R,E)-5,11-Dimethoxy-6,10,12-trimethyl-
14-(N-methylformamido)tetradic-13-ene-3,9-diyl Dipropionate
(2k).

Physical State: Colorless oil.
Rf = 0.3 (1:1 EtOAc/hexanes).
[α]D

23−16.9 (c = 0.5, CHCl3).
Rotamer Ratio: 1.7:1 (Inseparable mixture).

1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.05 (s, 1H)], 6.45
(d, J = 14.2 Hz, 1H) *[7.12 (d, J = 14.8 Hz, 1H)], 5.19 (td, J = 6.9,
1.7 Hz, 1H) *[5.19 (td, J = 7.0, 1.7 Hz, 1H)], 5.10 (dd, J = 14.1, 9.1
Hz, 1H) *[5.13 (dd, J = 14.5, 9.4 Hz, 1H)], 5.03−4.98 (m, 1H), 3.44
(s, 3H) *[3.44 (s, 3H)], 3.29 (s, 3H), 3.00 (s, 3H) *[3.04 (s, 3H)],
2.96 (dt, J = 9.0, 3.4 Hz, 1H), 2.81 (dd, J = 9.5, 2.1 Hz, 1H) *[2.80
(dd, J = 9.5, 1.9 Hz, 1H)], 2.43 (dqd, J = 9.3, 7.0, 2.2 Hz, 1H) *[2.48
(dqd, J = 9.4, 7.0, 2.2 Hz, 1H)], 2.33 (q, J = 7.4 Hz, 2H) *[2.33 (q, J
= 7.2 Hz, 2H)], 2.32 (q, J = 7.4 Hz, 2H) *[2.32 (q, J = 7.6 Hz, 2H)],
1.72−1.65 (m, 1H), 1.63−1.48 (m, 7H), 1.47−1.39 (m, 1H), 1.16 (t,
J = 7.6 Hz, 3H) *[1.16 (t, J = 7.7 Hz, 3H)], 1.16 (d, J = 7.6 Hz, 3H)
*[1.14 (d, J = 7.7 Hz, 3H)], 1.15 (t, J = 7.6 Hz, 3H), 1.04−0.92 (m,
1H), 0.87 (t, J = 7.8 Hz, 3H), 0.85 (d, J = 7.1 Hz, 3H) *[0.84 (d, J =
6.6 Hz, 3H)], 0.84 (d, J = 6.9 Hz, 3H) *[0.83 (d, J = 6.3 Hz, 3H)].

13C NMR (125 MHz, CDCl3) δ 174.31 (e), 174.22 (e) *(174.25),
162.26 (o) *(160.95), 128.72 (o) *(124.75), 111.97 (o) *(113.70),
86.73 (o) *(86.79), 81.97 (o) *(81.93), 73.46 (o) *(73.52), 72.87
(o) *(72.85), 61.88 (o) *(61.94), 58.15 (o), 39.61 (o), 37.96 (o)
*(38.28), 35.36 (e) *(35.32), 35.25 (o) *(35.18), 30.78 (e)
*(30.62), 28.20 (e), 28.12 (e), 28.09 (e), 27.71 (o) *(33.20),
27.55 (e) *(27.44), 20.21 (o) *(20.39), 15.43 (o) *(15.41), 10.00
(o), 9.85 (o), 9.62 (o), 9.55 (o).

IR (neat) 2967 (m), 2930 (m), 2877 (w), 2829 (w), 1728 (s),
1691 (m), 1654 (vs), 1460 (m), 1382 (m), 1364 (m), 1341 (m),
1322 (m), 1273 (m), 1187 (s), 1091 (s), 1065 (s), 1001 (m), 964
(m), 939 (m), 914 (w), 879 (w), 806 (w), 727 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C27H50NO7 500.3582, found
500.3578.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-1-(N-methylformamido)-12-(propionyloxy)tetradec-1-en-6-yl
Cyclobutanecarboxylate (2l).

Physical State: Colorless oil.
Rf = 0.65 (1:1 EtOAc/hexanes).
[α]D

20−23.0 (c = 0.4, CHCl3).
Rotamer Ratio: 1.7:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.05 (s, 1H)], 6.45

(d, J = 14.2 Hz, 1H) *[7.12 (d, J = 14.7 Hz, 1H)], 5.20−5.16 (m,
1H), 5.10 (dd, J = 14.0, 9.1 Hz, 1H) *[5.13 (dd, J = 14.6, 9.3 Hz,
1H)], 4.97 (dt, J = 8.5, 4.3 Hz, 1H), 3.44 (s, 3H) *[3.44 (s, 3H)],
3.29 (s, 3H), 3.13 (quintet, J = 8.4 Hz, 1H), 3.00 (s, 3H) *[3.03 (s,
3H)], 2.90 (dt, J = 7.9, 3.8 Hz, 1H), 2.80 (dd, J = 9.5, 2.4 Hz, 1H)
*[2.79 (dd, J = 9.6, 2.6 Hz, 1H)], 2.50−2.40 (m, 1H), 2.32 (q, J = 7.7
Hz, 2H), 2.29−2.18 (m, 4H), 2.03−1.93 (m, 1H), 1.97−1.87 (m,
1H), 1.80 (septet of d, J = 6.4, 1.3 Hz, 1H), 1.72−1.65 (m, 1H),
1.63−1.52 (m, 3H), 1.50−1.40 (m, 3H), 1.16 (d, J = 6.6 Hz, 3H),
1.15 (t, J = 7.5 Hz, 3H), 1.02−0.92 (m, 1H), 0.88 (d, J = 6.7 Hz, 3H),
0.87 (d, J = 6.9 Hz, 3H), 0.84 (d, J = 7.0 Hz, 3H) *[0.84 (d, J = 6.2
Hz, 3H)], 0.83 (d, J = 6.7 Hz, 3H) *[0.83 (d, J = 6.6 Hz, 3H)].

13C NMR (125 MHz, CDCl3) δ 175.19 (e) *(175.23), 174.30 (e),
162.25 (o) *(160.93), 128.69 (o) *(124.71), 111.93 (o) *(113.68),
86.69 (o) *(86.74), 82.00 (o) *(81.97), 75.50 (o) *(75.48), 73.22
(o) *(73.26), 61.88 (o) *(61.96), 58.18 (o), 39.75 (o) *(39.73),
38.72 (o), 37.92 (o) *(38.25), 35.27 (o) *(35.19), 32.64 (e)
*(32.59), 32.33 (o), 30.86 (e) *(30.68), 28.09 (e), 27.68 (o)
*(33.19), 27.52 (e) *(27.41), 25.51 (e), 25.49 (e), 20.21 (o)
*(20.39), 18.69 (e), 18.51 (o), 17.59 (o) *(17.63), 15.54 (o)
*(15.51), 9.99 (o), 9.62 (o) *(9.82).

IR (neat) 2965 (m), 2939 (m), 2875 (w), 2830 (w), 1725 (s),
1692 (m), 1656 (vs), 1461 (w), 1386 (w), 1366 (m), 1341 (w), 1273
(m), 1251 (m), 1188 (s), 1092 (m), 1016 (w), 968 (w), 914 (w)
cm−1.
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HRMS (ESI, [M + Na]+) calcd for C30H53NO7Na 562.3714, found
562.3714.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-1-(N-methylformamido)-12-(propionyloxy)tetradec-1-en-6-yl
Cyclopentanecarboxylate (2m).

Physical State: Colorless oil.
Rf = 0.7 (1:1 EtOAc/hexanes).
[α]D

20−27.7 (c = 0.3, CHCl3).
Rotamer Ratio: 1.8:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.05 (s, 1H)], 6.45

(d, J = 14.2 Hz, 1H) *[7.12 (d, J = 14.7 Hz, 1H)], 5.18 (td, J = 6.7,
1.3 Hz, 1H) *[5.17 (td, J = 6.6, 1.5 Hz, 1H)], 5.10 (dd, J = 14.1, 9.1
Hz, 1H) *[5.12 (dd, J = 14.5, 9.4 Hz, 1H)], 4.97 (ddd, J = 8.6, 4.6,
3.5 Hz, 1H), 3.44 (s, 3H) *[3.43 (s, 3H)], 3.29 (s, 3H) *[3.29 (s,
3H)], 3.00 (s, 3H) *[3.03 (s, 3H)], 2.89 (dt, J = 8.6, 3.5 Hz, 1H),
2.80 (dd, J = 9.6, 2.4 Hz, 1H) *[2.79 (dd, J = 9.7, 2.4 Hz, 1H)], 2.73
(quintet, J = 7.9 Hz, 1H) *[2.73 (quintet, J = 7.9 Hz, 1H)], 2.43
(dqd, J = 9.1, 7.0, 2.2 Hz, 1H) *[2.48 (dqd, J = 9.2, 7.0, 2.1 Hz, 1H)],
2.32 (q, J = 7.6 Hz, 2H) *[2.33 (q, J = 7.6 Hz, 2H)], 1.92−1.85 (m,
2H), 1.84−1.76 (m, 3H), 1.75−1.65 (m, 3H), 1.63−1.51 (m, 5H),
1.50−1.39 (m, 3H), 1.16 (d, J = 7.5 Hz, 3H), 1.15 (t, J = 7.0 Hz, 3H)
*[1.15 (t, J = 7.1 Hz, 3H)], 1.01−0.92 (m, 1H), 0.88 (d, J = 6.8 Hz,
3H), 0.87 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.8 Hz, 3H) *[0.84 (d, J =
7.1 Hz, 3H)], 0.84 (d, J = 7.0 Hz, 3H) *[0.83 (d, J = 6.9 Hz, 3H)].

13C NMR (125 MHz, CDCl3) δ 176.42 (e) *(176.45), 174.32 (e),
162.28 (o) *(160.95), 128.70 (o) *(124.71), 111.90 (o) *(113.67),
86.69 (o) *(86.74), 82.00 (o) *(81.97), 75.50 (o) *(75.47), 73.17
(o) *(73.20), 61.92 (o) *(62.00), 58.20 (o) *(58.19), 44.53 (o)
*(44.55), 39.77 (o) *(39.75), 37.93 (o) *(38.26), 35.29 (o)
*(35.21), 32.65 (e) *(32.60), 32.34 (o), 30.85 (e) *(30.67), 30.31
(e), 30.19 (e), 28.10 (e), 27.70 (o) *(33.21), 27.55 (e) *(27.44),
25.91 (e), 25.84 (e), 20.24 (o) *(20.43), 18.51 (o), 17.62 (o)
*(17.65), 15.56 (o) *(15.52), 10.01 (o) *(9.84), 9.65 (o).

IR (neat) 2962 (m), 2940 (m), 2874 (w), 2829 (w), 1725 (s),
1693 (s), 1655 (vs), 1460 (m), 1385 (m), 1366 (m), 1342 (m), 1317
(m), 1273 (m), 1186 (s), 1091 (s), 1067 (s), 1005 (m), 969 (m), 939
(m), 913 (w), 820 (w), 807 (w), 727 (w) cm−1.

HRMS (ESI, [M + Na]+) calcd for C31H55NO7Na 576.3871, found
576.3883.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-1-(N-methylformamido)-12-(propionyloxy)tetradec-1-en-6-yl
Cyclohexanecarboxylate (2n).

Physical State: Colorless oil.
Rf = 0.7 (1:1 EtOAc/hexanes).
[α]D

20−22.5 (c = 0.4, CHCl3).
Rotamer Ratio: 1.6:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.05 (s, 1H)], 6.45

(d, J = 14.2 Hz, 1H) *[7.12 (d, J = 14.7 Hz, 1H)], 5.18 (td, J = 6.4,
1.5 Hz, 1H) *[5.18 (td, J = 6.7, 1.6 Hz, 1H)], 5.10 (dd, J = 14.1, 9.1
Hz, 1H) *[5.12 (dd, J = 14.7, 9.4 Hz, 1H)], 4.97 (ddd, J = 8.9, 4.7,
3.6 Hz, 1H), 3.43 (s, 3H) *[3.43 (s, 3H)], 3.29 (s, 3H) *[3.29 (s,
3H)], 3.00 (s, 3H) *[3.03 (s, 3H)], 2.89 (dt, J = 7.7, 3.7 Hz, 1H),
2.79 (dd, J = 9.6, 2.5 Hz, 1H) *[2.78 (dd, J = 9.8, 2.4 Hz, 1H)], 2.43

(dqd, J = 9.1, 6.9, 2.2 Hz, 1H) *[2.48 (dqd, J = 9.1, 6.9, 2.1 Hz, 1H)],
2.32 (q, J = 7.7 Hz, 2H) *[2.33 (q, J = 7.5 Hz, 2H)], 2.32−2.27 (m,
1H), 1.92−1.89 (m, 2H), 1.83−1.74 (m, 3H), 1.71−1.63 (m, 2H),
1.62−1.50 (m, 3H), 1.49−1.40 (m, 5H), 1.34−1.19 (m, 3H), 1.16 (d,
J = 6.5 Hz, 3H) *[1.16 (d, J = 7.0 Hz, 3H)], 1.15 (t, J = 7.6 Hz, 3H)
*[1.15 (t, J = 7.6 Hz, 3H)], 1.01−0.90 (m, 1H), 0.88 (d, J = 6.8 Hz,
3H), 0.87 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.9 Hz, 6H) *[0.83 (d, J =
6.9 Hz, 6H)].

13C NMR (125 MHz, CDCl3) δ 175.75 (e) *(175.78), 174.32 (e),
162.27 (o) *(160.95), 128.70 (o) *(124.71), 111.89 (o) *(113.66),
86.64 (o) *(86.69), 82.02 (o) *(81.99), 75.49 (o) *(75.47), 72.97
(o) *(73.00), 61.95 (o) *(62.03), 58.21 (o) *(58.19), 43.84 (o),
39.83 (o) *(39.80), 37.93 (o) *(38.27), 35.31 (o) *(35.23), 32.66
(e) *(32.61), 32.34 (o), 30.88 (e) *(30.70), 29.47 (e), 29.31 (e),
28.10 (e), 27.70 (o) *(33.21), 27.58 (e) *(27.47), 25.95 (e), 25.66
(e), 25.61 (e), 20.26 (o) *(20.44), 18.51 (o), 17.61 (o) *(17.65),
15.57 (o) *(15.54), 10.01 (o) *(9.85), 9.65 (o).

IR (neat) 2953 (sh, m), 2924 (vs), 2868 (sh, m), 2854 (m), 1728
(m), 1695 (m), 1656 (s), 1461 (m), 1376 (w), 1341 (w), 1316 (w),
1274 (w), 1248 (w), 1192 (m), 1178 (sh, m), 1132 (w), 1094 (m),
1076 (m), 1018 (w), 967 (w), 940 (w), 820 (w), 803 (w), 727 (w)
cm−1.

HRMS (ESI, [M + H]+) calcd for C32H58NO7 568.4208, found
568.4210.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-1-(N-methylformamido)-12-(propionyloxy)tetradec-1-en-6-yl
Furan-2-carboxylate (2o).

Physical State: Colorless oil.
Rf = 0.6 (1:1 EtOAc/hexanes).
[α]D

20−1.2 (c = 0.3, CHCl3).
Rotamer Ratio: 1.7:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.05 (s, 1H)], 7.58

(dd, J = 1.5, 0.7 Hz, 1H), 7.14 (dd, J = 3.4, 0.5 Hz, 1H), 6.51 (dd, J =
3.3, 1.5 Hz, 1H), 6.45 (d, J = 14.1 Hz, 1H) *[7.13 (d, J = 14.5 Hz,
1H)], 5.42 (td, J = 6.9, 1.4 Hz, 1H) *[5.41 (td, J = 7.0, 1.5 Hz, 1H)],
5.12 (dd, J = 14.1, 9.1 Hz, 1H) *[5.14 (dd, J = 14.6, 9.4 Hz, 1H)],
4.98−4.94 (m, 1H), 3.45 (s, 3H) *[3.45 (s, 3H)], 3.29 (s, 3H), 3.01
(s, 3H) *[3.04 (s, 3H)], 2.91 (dt, J = 7.9, 3.9 Hz, 1H), 2.88 (dd, J =
9.5, 2.4 Hz, 1H) *[2.88 (dd, J = 9.6, 2.7 Hz, 1H)], 2.45 (dqd, J = 9.0,
6.9, 2.1 Hz, 1H) *[2.49 (dqd, J = 9.0, 7.0, 1.9 Hz, 1H)], 2.32 (q, J =
7.6 Hz, 2H) *[2.32 (q, J = 7.5 Hz, 2H)], 1.82−1.69 (m, 3H), 1.69−
1.59 (m, 2H), 1.54−1.45 (m, 3H), 1.15 (d, J = 7.2 Hz, 3H), 1.15 (t, J
= 6.9 Hz, 3H) *[1.15 (t, J = 7.2 Hz, 3H)], 1.08−0.98 (m, 1H), 0.94
(d, J = 7.0 Hz, 3H) *[0.93 (d, J = 6.9 Hz, 3H)], 0.87 (d, J = 6.1 Hz,
3H), 0.86 (d, J = 6.4 Hz, 3H), 0.86 (d, J = 6.5 Hz, 3H) *[0.85 (d, J =
6.2 Hz, 3H)].

13C NMR (125 MHz, CDCl3) δ 174.32 (e), 162.27 (o) *(160.96),
158.69 (e) *(158.71), 146.37 (o), 145.28 (e), 128.76 (o) *(124.78),
117.62 (o), 111.93 (o) *(113.66), 111.89 (o), 86.61 (o) *(86.67),
82.05 (o) *(82.01), 75.51 (o) *(75.49), 74.63 (o) *(74.67), 61.97
(o) *(62.10), 58.22 (o) *(58.21), 39.91 (o) *(39.90), 38.01 (o)
*(38.37), 35.25 (o) *(35.18), 32.65 (e) *(32.60), 32.34 (o), 30.87
(e) *(30.68), 28.10 (e), 27.72 (o) *(33.21), 27.66 (e) *(27.53),
20.22 (o) *(20.41), 18.52 (o), 17.59 (o) *(17.62), 15.55 (o)
*(15.52), 10.06 (o) *(9.95), 9.62 (o).

IR (neat) 2964 (m), 2932 (w), 2876 (w), 2829 (w), 1723 (s),
1692 (s), 1655 (vs), 1578 (w), 1472 (m), 1388 (m), 1367 (m), 1295
(s), 1276 (sh, m), 1229 (m), 1180 (s), 1118 (s), 1090 (s), 1071 (s),
1011 (m), 966 (m), 938 (m), 913 (w), 884 (m), 807 (w), 763 (m),
726 (w) cm−1.

HRMS (ESI, [M + Na]+) calcd for C30H49NO8Na 574.3350, found
574.3362.
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(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-1-(N-methylformamido)-12-(propionyloxy)tetradec-1-en-6-yl
Methyl-D-prolinate (2p).

Physical State: Colorless oil.
Rf = 0.2 (1:1 EtOAc/hexanes).
[α]D

20+8.7 (c = 0.17, CHCl3).
Rotamer Ratio: 1.7:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.05 (s, 1H)], 6.45

(d, J = 14.2 Hz, 1H) *[7.12 (d, J = 14.7 Hz, 1H)], 5.29 (td, J = 7.3,
2.4 Hz, 1H) *[5.28 (td, J = 7.1, 2.5 Hz, 1H)], 5.09 (dd, J = 14.1, 9.2
Hz, 1H) *[5.12 (dd, J = 14.5, 9.2 Hz, 1H)], 4.97 (dt, J = 8.5, 4.2 Hz,
1H), 3.45 (s, 3H), 3.29 (s, 3H), 3.13 (td, J = 7.6, 2.0 Hz, 1H), 3.00 (s,
3H) *[3.03 (s, 3H)], 2.94 (t, J = 7.6 Hz, 1H), 2.89 (dt, J = 8.6, 3.6
Hz, 1H), 2.78 (dd, J = 9.4, 2.6 Hz, 1H) *[2.77 (dd, J = 9.4, 2.7 Hz,
1H)], 2.50−2.43 (m, 1H), 2.42 (s, 3H), 2.34−2.28 (m, 1H), 2.32 (q,
J = 7.3 Hz, 2H) *[2.33 (q, J = 7.4 Hz, 2H)], 2.20−2.11 (m, 1H),
1.97−1.86 (m, 2H), 1.84−1.76 (m, 2H), 1.72−1.65 (m, 1H), 1.63−
1.51 (m, 3H), 1.49−1.42 (m, 3H), 1.15 (t, J = 7.3 Hz, 3H) *[1.16 (t,
J = 7.1 Hz, 3H)], 1.15 (d, J = 6.8 Hz, 3H), 1.02−0.92 (m, 1H), 0.87
(d, J = 6.9 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.7 Hz, 3H),
0.84 (d, J = 7.2 Hz, 3H) *[0.83 (d, J = 6.7 Hz, 3H)].

13C NMR (125 MHz, CDCl3) δ 174.33 (e), 173.43 (e) *(173.47),
162.28 (o) *(160.95), 128.72 (o) *(124.73), 111.92 (o) *(113.63),
86.69 (o), 82.03 (o) *(82.00), 75.50 (o) *(75.48), 73.69 (o)
*(73.75), 67.71 (o), 61.94 (o) *(62.06), 58.21 (o), 56.35 (e), 40.90
(o), 39.97 (o), 37.90 (o) *(38.24), 35.29 (o) *(35.22), 32.61 (e)
*(32.57), 32.33 (o), 31.13 (e) *(30.95), 29.94 (e) *(29.95), 28.10
(e), 27.70 (o) *(33.21), 27.64 (e) *(27.54), 23.14 (e), 20.19 (o)
*(20.43), 18.49 (o), 17.63 (o) *(17.66), 15.54 (o) *(15.50), 10.09
(o) *(9.89), 9.64 (o).

IR (neat) 2962 (m), 2930 (m), 2875 (w), 2783 (w), 1730 (s),
1691 (m), 1655 (vs), 1459 (m), 1385 (m), 1367 (m), 1341 (m),
1321 (w), 1273 (m), 1187 (s), 1090 (s), 1067 (s), 1014 (m), 968
(m), 939 (m), 912 (w), 805 (w), 727 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C31H57N2O7 569.4160, found
569.4148.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-1-(N-methylformamido)-12-(propionyloxy)tetradec-1-en-6-yl
(S)-Tetrahydrofuran-2-carboxylate (2q).

Physical State: Colorless oil.
Rf = 0.45 (1:1 EtOAc/hexanes).
[α]D

20−24.2 (c = 0.35, CHCl3).
Rotamer Ratio: 1.7:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.05 (s, 1H)], 6.45

(d, J = 14.2 Hz, 1H) * [7.12 (d, J = 14.7 Hz, 1H)], 5.29−5.26 (m,
1H), 5.10 (dd, J = 13.7, 9.3 Hz, 1H) *[5.12 (dd, J = 13.2, 9.5 Hz,
1H)], 4.97 (dt, J = 8.2, 4.3 Hz, 1H), 4.46 (dd, J = 8.2, 4.9 Hz, 1H),
4.04 (app. q, J = 6.9 Hz, 1H), 3.93 (app. q, J = 6.9 Hz, 1H), 3.47 (s,
3H) *[3.46 (s, 3H)], 3.29 (s, 3H), 3.00 (s, 3H) * [3.03 (s, 3H)], 2.89
(dt, J = 8.5, 3.3 Hz, 1H), 2.82 (dd, J = 9.5, 2.3 Hz, 1H) *[2.81 (dd, J
= 9.8, 2.1 Hz, 1H)], 2.50−2.39 (m, 1H), 2.33 (q, J = 7.5 Hz, 2H),
2.28−2.21 (m, 1H), 2.05−1.88 (m, 3H), 1.80 (septet of d, J = 6.5, 5.4
Hz, 1H), 1.72−1.66 (m, 1H), 1.63−1.51 (m, 3H), 1.49−1.40 (m,

3H), 1.16 (t, J = 7.4 Hz, 3H), 1.16 (d, J = 6.6 Hz, 3H), 1.00−0.93 (m,
1H), 0.88 (d, J = 6.7 Hz, 3H), 0.88 (d, J = 6.7 Hz, 3H), 0.84 (d, J =
6.5 Hz, 3H) *[0.84 (d, J = 6.7 Hz, 3H)], 0.83 (d, J = 6.6 Hz, 3H).

13C NMR (125 MHz, CDCl3) δ 174.30 (e), 173.31 (e), 162.26 (o)
*(160.93), 128.74 (o) *(124.75), 111.88 (o) *(113.62), 86.55 (o)
*(86.60), 81.98 (o) *(81.96), 76.93 (o), 75.50 (o) *(75.48), 74.21
(o) *(74.26), 69.47 (e), 61.96 (o) *(62.06), 58.08 (o), 40.01 (o)
*(39.98), 37.91 (o) *(38.24), 35.16 (o) *(35.09), 32.50 (e)
*(32.47), 32.33 (o), 31.11 (e) *(30.91), 30.42 (e), 28.09 (e),
27.69 (o) *(33.18), 27.47 (e) *(27.36), 25.35 (e), 20.15 (o)
*(20.33), 18.50 (o), 17.60 (o) *(17.63), 15.56 (o) *(15.52), 10.00
(o) *(9.86), 9.62 (o).

IR (neat) 2964 (m), 2937 (w), 2877 (w), 2831 (w), 1730 (s),
1691 (m), 1655 (vs), 1460 (m), 1385 (m), 1367 (m), 1341 (m),
1322 (w), 1273 (m), 1192 (s), 1086 (s), 1066 (sh, s), 1007 (m), 968
(m), 938 (m), 914 (m), 821 (w), 806 (w), 727 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C30H54NO8 556.3844, found
556.3832.

(3R,4R,5S,6R,9S,10S,12S,E)-4,10-Dimethoxy-3,5,9,13-tetrameth-
yl-1-(N-methylformamido)-12-(propionyloxy)tetradec-1-en-6-yl
(R)-Tetrahydrofuran-2-carboxylate (2r).

Physical State: Colorless oil.
Rf = 0.45 (1:1 EtOAc/hexanes).
[α]D

20−35.4 (c = 0.6, CHCl3).
Rotamer Ratio: 1.8:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.04 (s, 1H)], 6.45

(d, J = 14.2 Hz, 1H) *[7.12 (d, J = 14.7 Hz, 1H)], 5.24 (td, J = 6.8,
1.2 Hz, 1H), 5.09 (dd, J = 13.9, 9.1 Hz, 1H) *[5.12 (dd, J = 13.9, 9.2
Hz, 1H)], 4.96 (dt, J = 8.4, 4.2 Hz, 1H), 4.46−4.43 (m, 1H), 4.01
(app. q, J = 7.3 Hz, 1H), 3.92 (app. q, J = 7.1 Hz, 1H) *[3.92 (app. q,
J = 7.0 Hz, 1H)], 3.43 (s, 3H), 3.28 (s, 3H), 3.00 (s, 3H) *[3.03 (s,
3H)], 2.90 (dt, J = 7.6, 3.4 Hz, 1H), 2.80 (dd, J = 9.3, 2.5 Hz, 1H)
*[2.80 (dd, J = 9.4, 3.0 Hz, 1H)], 2.44 (dqd, J = 9.0, 6.8, 2.3 Hz, 1H)
*[2.47 (dqd, J = 9.0, 6.8, 2.2 Hz, 1H)], 2.32 (q, J = 7.7 Hz, 2H)
*[2.32 (q, J = 7.6 Hz, 2H)], 2.28−2.21 (m, 1H), 2.05−1.97 (m, 1H),
1.99−1.89 (m, 2H), 1.80 (septet of d, J = 6.7, 5.0 Hz, 1H), 1.73−1.67
(m, 1H), 1.63−1.51 (m, 3H), 1.49−1.40 (m, 3H), 1.15 (d, J = 6.8 Hz,
3H), 1.15 (t, J = 7.5 Hz, 3H) *[1.15 (t, J = 7.5 Hz, 3H)], 1.03−0.92
(m, 1H), 0.87 (d, J = 6.8 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H), 0.85 (d, J
= 6.8 Hz, 3H), 0.84 (d, J = 6.6 Hz, 3H) *[0.83 (d, J = 6.9 Hz, 3H)].

13C NMR (125 MHz, CDCl3) δ 174.32 (e), 173.25 (e) *(173.28),
162.27 (o) *(160.95), 128.75 (o) *(124.76), 111.90 (o) *(113.61),
86.71 (o) *(86.72), 81.99 (o) *(81.96), 77.31 (o), 75.51 (o)
*(75.48), 74.20 (o) *(74.26), 69.37 (e), 61.88 (o) *(61.97), 58.14
(o), 39.64 (o), 37.93 (o) *(38.25), 35.12 (o) *(35.03), 32.54 (e)
*(32.49), 32.33 (o), 30.79 (e) *(30.59), 30.47 (e) *(30.51), 28.09
(e), 27.69 (o) *(33.19), 27.42 (e) *(27.31), 25.38 (e), 20.17 (o)
*(20.34), 18.53 (o), 17.60 (o) *(17.64), 15.53 (o) *(15.49), 10.03
(o) *(9.87), 9.63 (o).

IR (neat) 2964 (m), 2935 (w), 2876 (w), 2830 (w), 1728 (s),
1690 (m), 1654 (vs), 1460 (m), 1385 (m), 1367 (m), 1341 (m),
1323 (w), 1273 (m), 1193 (s), 1086 (s), 1006 (m), 968 (m), 938
(m), 914 (m), 823 (w), 807 (w), 729 (s) cm−1.

HRMS (ESI, [M + H]+) calcd for C30H54NO8 556.3844, found
556.3829.
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(3R,4R,5S,6R,9S,10S,12R,E)-4,10-Dimethoxy-3,5,9-trimethyl-1-(N-
methylformamido)-12-(propionyloxy)tetradec-1-en-6-yl Isobuty-
rate (2s).

Physical State: Colorless oil.
Rf = 0.65 (1:1 EtOAc/hexanes).
[α]D

22−35.8 (c = 0.29, CHCl3).
Rotamer Ratio: 1.7:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.04 (s, 1H)], 6.45

(d, J = 14.2 Hz, 1H) *[7.12 (d, J = 14.7 Hz, 1H)], 5.17 (td, J = 6.9,
1.5 Hz, 1H) *[5.16 (td, J = 6.8, 1.6 Hz, 1H)], 5.09 (dd, J = 14.1, 9.1
Hz, 1H) *[5.12 (dd, J = 14.5, 9.4 Hz, 1H)], 4.99 (dtd, J = 8.9, 6.2, 3.0
Hz, 1H), 3.43 (s, 3H) *[3.42 (s, 3H)], 3.28 (s, 3H), 2.99 (s, 3H)
*[3.03 (s, 3H)], 2.95 (dt, J = 9.2, 3.3 Hz, 1H), 2.79 (dd, J = 9.6, 2.4
Hz, 1H) *[2.78 (dd, J = 9.8, 2.1 Hz, 1H)], 2.55 (septet, J = 7.0 Hz,
1H) *[2.54 (septet, J = 7.0 Hz, 1H)], 2.43 (dqd, J = 9.2, 7.0, 2.1 Hz,
1H) *[2.47 (dqd, J = 9.5, 7.1, 2.0 Hz, 1H)], 2.31 (q, J = 7.6 Hz, 2H)
*[2.31 (q, J = 7.6 Hz, 2H)], 1.71−1.64 (m, 1H), 1.61−1.46 (m, 7H),
1.45−1.38 (m, 1H), 1.17 (d, J = 7.0 Hz, 3H), 1.17 (d, J = 7.0 Hz,
3H), 1.17 (d, J = 7.2 Hz, 3H) *[1.15 (d, J = 7.1 Hz, 3H)], 1.14 (t, J =
7.9 Hz, 3H) *[1.14 (t, J = 7.5 Hz, 3H)], 1.01−0.90 (m, 1H), 0.86 (t, J
= 7.5 Hz, 3H), 0.84 (d, J = 7.0 Hz, 3H) *[0.83 (d, J = 6.9 Hz, 3H)],
0.84 (d, J = 7.1 Hz, 3H) *[0.83 (d, J = 6.7 Hz, 3H)].

13C NMR (125 MHz, CDCl3) δ 176.76 (e) *(176.80), 174.33 (e),
162.28 (o) *(160.96), 128.69 (o) *(124.69), 111.84 (o) *(113.62),
86.63 (o) *(86.69), 81.90 (o) *(81.87), 73.12 (o) *(73.17), 72.81
(o) *(72.78), 61.91 (o) *(61.98), 58.13 (o), 39.70 (o), 37.92 (o)
*(38.24), 35.33 (e) *(35.29), 35.20 (o) *(35.13), 34.60 (o), 30.75
(e) *(30.59), 28.10 (e), 28.07 (e), 27.68 (o) *(33.21), 27.47 (e)
*(27.36), 20.24 (o) *(20.42), 19.34 (o), 19.26 (o), 15.43 (o)
*(15.41), 9.94 (o) *(9.79), 9.62 (o), 9.56 (o).

IR (neat) 2967 (m), 2928 (m), 2876 (w), 2828 (w), 1726 (s),
1692 (m), 1655 (vs), 1461 (m), 1384 (m), 1365 (m), 1340 (m),
1322 (m), 1269 (m), 1190 (s), 1159 (m), 1091 (s), 1066 (s), 1003
(w), 964 (m), 943 (sh, m), 912 (w), 881 (w), 807 (w), 727 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C28H52NO7 514.3738, found
514.3733.

(3R,4R,5S,6R,9S,10S,12S,E)-12-Cyclohexyl-4,10-dimethoxy-3,5,9-
trimethyl-1-(N-methylformamido)-12-(propionyloxy)dodec-1-en-6-
yl Isobutyrate (2t).

Physical State: Colorless oil.
Rf = 0.7 (1:1 EtOAc/hexanes).
[α]D

20−36.3 (c = 0.6, CHCl3).
Rotamer Ratio: 1.7:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.05 (s, 1H)], 6.45

(d, J = 14.1 Hz, 1H), *[7.12 (d, J = 14.7 Hz, 1H)], 5.18 (td, J = 6.8,
1.7 Hz, 1H) *[5.17 (td, J = 6.8, 1.8 Hz, 1H)], 5.10 (dd, J = 14.1, 9.1
Hz, 1H) *[5.13 (dd, J = 14.5, 9.4 Hz, 1H)], 4.96 (app. q, J = 6.8, 5.5
Hz, 1H), 3.44 (s, 3H) *[3.43 (s, 3H)], 3.28 (s, 3H), 3.00 (s, 3H)
*[3.03 (s, 3H)], 2.89 (dt, J = 6.7, 4.3 Hz, 1H), 2.79 (dd, J = 9.6, 2.3
Hz, 1H) *[2.79 (dd, J = 9.8, 2.2 Hz, 1H)], 2.55 (septet, J = 7.0 Hz,
1H) *[2.55 (septet, J = 7.0 Hz, 1H)], 2.43 (dqd, J = 9.0, 6.9, 2.0 Hz,
1H) *[2.48 (dqd, J = 9.2, 7.2, 1.9 Hz, 1H)], 2.32 (q, J = 7.3 Hz, 2H)
*[2.32 (q, J = 7.4 Hz, 2H)], 1.75−1.70 (m, 2H), 1.70−1.62 (m, 4H),
1.61−1.51 (m, 3H), 1.50−1.47 (m, 2H), 1.46−1.39 (m, 2H), 1.24−
1.09 (m, 3H), 1.18 (d, J = 7.0 Hz, 3H), 1.18 (d, J = 7.0 Hz, 3H), 1.18
(d, J = 7.1 Hz, 3H), 1.15 (t, J = 7.6 Hz, 3H) *[1.15 (t, J = 7.5 Hz,

3H)], 1.04−0.92 (m, 3H), 0.84 (d, J = 7.0 Hz, 3H), 0.84 (d, J = 6.9
Hz, 3H) *[0.83 (d, J = 7.0 Hz, 3H)].

13C NMR (125 MHz, CDCl3) δ 176.77 (e) *(176.80), 174.31 (e),
162.27 (o) *(160.95), 128.72 (o) *(124.73), 111.90 (o) *(113.67),
86.70 (o) *(86.74), 82.00 (o) *(81.97), 75.12 (o) *(75.08), 73.16
(o) *(73.20), 61.89 (o) *(61.97), 58.16 (o) *(58.14), 42.46 (o),
39.78 (o) *(39.74), 37.93 (o) *(38.26), 35.27 (o) *(35.17), 34.62
(o), 32.90 (e) *(32.85), 30.85 (e) *(30.65), 29.14 (e) *(29.12),
28.11 (e) *(28.13), 28.08 (e), 27.68 (o) *(33.19), 27.51 (e)
*(27.36), 26.58 (e), 26.31 (e), 26.29 (e), 20.22 (o) *(20.40), 19.35
(o), 19.27 (o), 15.57 (o) *(15.54), 9.99 (o) *(9.82), 9.63 (o).

IR (neat) 2967 (m), 2926 (m), 2874 (w), 2854 (w), 1726 (s),
1693 (m), 1655 (vs), 1460 (m), 1384 (m), 1363 (w), 1340 (w), 1322
(w), 1269 (m), 1192 (s), 1159 (m), 1092 (s), 1067 (s), 1002 (w),
967 (m), 948 (w), 911 (w), 806 (w), 727 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C32H58NO7 568.4208, found
568.4195.

(3R,4R,5S,6R,9S,10S,12R,E)-12-Hydroxy-4,10-dimethoxy-3,5,9-tri-
methyl-1-(N-methylformamido) tetradec-1-en-6-yl Isobutyrate
(8a).

Physical State: Colorless oil.
Rf = 0.45 (1:1 EtOAc/hexanes).
[α]D

20−38.4 (c = 0.46, CHCl3).
Rotamer Ratio: 1.7:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H) *[8.05 (s, 1H)], 6.45

(d, J = 14.2 Hz, 1H) *[7.12 (d, J = 14.7 Hz, 1H)], 5.17 (td, J = 6.8,
1.4 Hz, 1H) *[5.17 (td, J = 6.9, 1.5 Hz, 1H)], 5.10 (dd, J = 14.1, 9.2
Hz, 1H) *[5.12 (dd, J = 14.7, 9.6 Hz, 1H)], 3.74−3.67 (m, 1H), 3.43
(s, 3H), 3.35 (s, 3H), 3.28 (ddd, J = 8.2, 4.8, 3.0 Hz, 1H), 3.00 (s,
3H) *[3.04 (s, 3H)], 2.79 (dd, J = 9.6, 2.1 Hz, 1H) *[2.79 (dd, J =
9.8, 1.9 Hz, 1H)], 2.55 (septet, J = 7.0 Hz, 1H), 2.50−2.40 (m, 1H),
2.43 (d, J = 4.8 Hz, 1H) *[2.48 (d, J = 5.2 Hz, 1H)], 1.81−1.72 (m,
1H), 1.67−1.51 (m, 4H), 1.50−1.38 (m, 4H), 1.18 (d, J = 7.0 Hz,
3H) *[1.17 (d, J = 7.1 Hz, 3H)], 1.17 (d, J = 7.1 Hz, 3H) *[1.17 (d, J
= 7.2 Hz, 3H)], 1.16 (d, J = 7.3 Hz, 3H), 1.05−0.95 (m, 1H), 0.93 (t,
J = 7.4 Hz, 3H), 0.88 (d, J = 6.8 Hz, 3H) *[0.88 (d, J = 6.8 Hz, 3H)],
0.84 (d, J = 7.0 Hz, 3H) *[0.83 (d, J = 6.9 Hz, 3H)].

13C NMR (125 MHz, CDCl3) δ 176.75 (e) *(176.79), 162.29 (o)
*(160.97), 128.71 (o) *(124.74), 111.92 (o) *(113.63), 86.70 (o)
*(86.76), 83.04 (o), 73.13 (o) *(73.18), 70.62 (o) *(70.68), 61.91
(o) *(61.98), 57.74 (o) *(57.67), 39.79 (o), 37.92 (o) *(38.25),
36.05 (e) *(35.93), 34.93 (o) *(34.86), 34.61 (o), 30.75 (e)
*(30.69), 30.62 (e) *(30.47), 27.73 (o) *(33.22), 27.54 (e)
*(27.41), 20.24 (o) *(20.42), 19.34 (o), 19.26 (o), 15.77 (o),
10.20 (o) *(10.23), 9.99 (o) *(9.85).

IR (neat) 3449 (br, w), 2964 (m), 2928 (m), 2874 (w), 2828 (w),
1724 (m), 1689 (m), 1653 (vs), 1460 (m), 1385 (m), 1367 (m),
1340 (w), 1322 (w), 1265 (m), 1193 (m), 1159 (m), 1089 (s), 1069
(s), 965 (m), 912 (m), 878 (w), 823 (w), 800 (w), 729 (m) cm−1.

HRMS (ESI, [M + H]+) calcd for C25H48NO6 458.3476, found
458.3489.

(3R,4R,5S,6R,9S,10S,12S,E)-12-((4-Aminobutanoyl)oxy)-4,10-di-
methoxy-3,5,9,13-tetramethyl-1-(N-methylformamido)tetradec-1-
en-6-yl (R)-Tetrahydrofuran-2-carboxylate (2u).

Physical State: Colorless oil.
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Rf = 0.15 (1:9 MeOH/CH2Cl2).
[α]D

20−20.8 (c = 0.26, CHCl3).
Rotamer Ratio: 1.6:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.28 (s, 1H) *[8.06 (s, 1H)], 6.46

(d, J = 14.2 Hz, 1H) *[7.12 (d, J = 14.8 Hz, 1H)], 5.24−5.21 (m,
1H), 5.09 (dd, J = 14.0, 9.2 Hz, 1H) *[5.12 (dd, J = 14.1, 9.3 Hz,
1H)], 4.97 (app. q, J = 6.4, 5.0 Hz, 1H), 4.45 (dd, J = 8.1, 5.2 Hz, 1H)
*[4.45 (dd, J = 8.1, 5.1 Hz, 1H)], 4.04 (app. q, J = 7.2 Hz, 1H), 3.93
(app. q, J = 7.2 Hz, 1H), 3.43 (s, 3H), 3.30 (s, 3H), 3.10−2.53 (br. s,
2H), 3.00 (s, 3H) *[3.04 (s, 3H)], 2.93−2.88 (m, 1H), 2.92 (t, J =
7.1 Hz, 2H), 2.79 (dd, J = 9.4, 2.5 Hz, 1H) *[2.79 (dd, J = 9.6, 2.6
Hz, 1H)], 2.50−2.39 (m, 1H), 2.43 (t, J = 7.1 Hz, 2H), 2.30−2.22
(m, 1H), 2.04−1.89 (m, 5H), 1.84−1.76 (m, 1H), 1.66−1.52 (m,
4H), 1.49 (app. t, J = 6.1 Hz, 2H), 1.44−1.36 (m, 1H), 1.16 (d, J =
6.9 Hz, 3H), 1.03−0.93 (m, 1H), 0.88 (d, J = 6.9 Hz, 3H), 0.87 (d, J
= 7.1 Hz, 3H), 0.85 (d, J = 6.8 Hz, 3H), 0.85 (d, J = 5.7 Hz, 3H).

13C NMR (125 MHz, CDCl3) δ 173.41 (e), 173.25 (e) *(173.28),
162.27 (o) *(160.96), 128.77 (o) *(124.80), 111.95 (o) *(113.64),
86.76 (o) *(86.78), 82.03 (o) *(81.99), 77.32 (o), 75.72 (o)
*(75.70), 74.23 (o) *(74.29), 69.38 (e), 61.87 (o) *(61.97), 58.13
(o), 41.85 (e), 39.64 (o) *(39.68), 37.94 (o) *(38.26), 35.11 (o)
*(35.03), 32.50 (e) *(32.46), 32.32 (o), 32.24 (e), 30.83 (e)
*(30.65), 30.48 (e) *(30.52), 29.36 (e), 27.72 (o) *(33.20), 27.44
(e) *(27.34), 25.40 (e), 20.16 (o) *(20.34), 18.55 (o), 17.62 (o)
*(17.66), 15.56 (o) *(15.53), 10.06 (o) *(9.90).

IR (neat) 3355 (br, w), 2957 (m), 2923 (s), 2874 (m), 2853 (m),
1728 (s), 1681 (sh, m), 1654 (vs), 1535 (w), 1461 (m), 1406 (m),
1378 (m), 1344 (w), 1311 (m), 1270 (m), 1256 (m), 1199 (m), 1092
(s), 1033 (m), 971 (m), 941 (w), 816 (w), 797 (w), 717 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C31H57N2O8 585.4109, found
585.4102.

(3R,4R,5S,6R,9S,10S,12S,E)-1-(N-Ethylformamido)-4,10-dime-
thoxy-3,5,9,13-tetramethyl-12-(propionyloxy)tetradec-1-en-6-yl
(R)-Tetrahydrofuran-2-carboxylate (2v).

Physical State: Colorless oil.
Rf = 0.55 (1:1 EtOAc/hexanes).
[α]D

20−28.3 (c = 0.15, CHCl3).
Rotamer Ratio: 1.8:1 (Inseparable mixture).
1H NMR (500 MHz, CDCl3) δ 8.22 (s, 1H) *[8.10 (s, 1H)], 6.28

(d, J = 14.3 Hz, 1H) *[6.94 (d, J = 15.0 Hz, 1H)], 5.24−5.21 (m,
1H), 5.12 (dd, J = 14.5, 9.2 Hz, 1H) *[5.16 (dd, J = 15.0, 9.4 Hz,
1H)], 4.96 (dt, J = 8.5, 4.2 Hz, 1H), 4.45 (dd, J = 8.2, 4.9 Hz, 1H)
*[4.45 (dd, J = 8.0, 5.1 Hz, 1H)], 4.01 (app. q, J = 7.2 Hz, 1H), 3.93
(app. q, J = 7.1 Hz, 1H), 3.61 (dq, J = 13.4, 6.7 Hz, 1H), 3.59 (dq, J =
13.3, 6.7 Hz, 1H) *[3.51 (q, J = 7.1 Hz, 2H)], 3.43 (s, 3H), 3.28 (s,
3H), 2.89 (dt, J = 8.1, 3.6 Hz, 1H), 2.81 (dd, J = 9.2, 2.1 Hz, 1H)
*[2.80 (dd, J = 9.6, 2.3 Hz, 1H)], 2.49−2.38 (m, 1H), 2.32 (q, J = 7.6
Hz, 2H), 2.28−2.21 (m, 1H), 2.05−1.96 (m, 1H), 2.00−1.88 (m,
2H), 1.79 (dq, J = 12.7, 6.4 Hz, 1H), 1.73−1.66 (m, 1H), 1.64−1.50
(m, 3H), 1.48−1.40 (m, 3H), 1.15 (t, J = 7.5 Hz, 3H), 1.15 (d, J = 6.7
Hz, 3H), 1.12 (t, J = 7.4 Hz, 3H) *[1.22 (t, J = 7.1 Hz, 3H)], 0.95
(dtd, J = 15.0, 10.0, 4.7 Hz, 1H), 0.87 (d, J = 6.8 Hz, 6H), 0.85 (d, J =
7.3 Hz, 3H), 0.83 (d, J = 7.0 Hz, 3H) *[0.83 (d, J = 6.6 Hz, 3H)].

13C NMR (125 MHz, CDCl3) δ 174.34 (e), 173.24 (e) *(173.28),
161.94 (o) *(160.85), 127.10 (o) *(122.77), 112.21 (o) *(113.71),
86.64 (o) *(86.68), 81.97 (o) *(81.93), 77.30 (o), 75.49 (o) *
(75.46), 74.25 (o) *(74.33), 69.39 (e), 61.83 (o) *(61.95), 58.15
(o), 39.53 (o) *(39.57), 38.15 (o) *(38.49), 35.82 (e) *(40.89),
35.20 (o) *(35.15), 32.52 (e) *(32.49), 32.32 (o), 30.72 (e), 30.48
(e) *(30.52), 28.09 (e), 27.37 (e) *(27.28), 25.38 (e), 20.02 (o)

*(20.16), 18.54 (o), 17.58 (o) *(17.62), 15.51 (o) *(15.47), 12.03
(o) *(14.08), 9.95 (o) *(9.77), 9.64 (o).

IR (neat) 2963 (m), 2933 (m), 2875 (m), 2832 (w), 1729 (s),
1690 (m), 1653 (s), 1460 (m), 1404 (w), 1365 (m), 1341 (w), 1317
(w), 1273 (m), 1255 (m), 1192 (s), 1088 (vs), 1006 (m), 968 (m),
940 (m), 912 (w), 868 (w), 816 (w), 800 (w), 714 (w) cm−1.

HRMS (ESI, [M + H]+) calcd for C31H56NO8 570.4000, found
570.3989.

Pyrene-G-Actin Polymerization Assay. The rate of G-actin
polymerization in the presence of actin barbed end-targeting
macrolide analogues was measured as previously described.59 Briefly,
63 μL of a 9 μM mixture of rabbit skeletal muscle G-actin and pyrene-
G-actin (2:1 ratio) in G-buffer (2 mM Tris-HCl, 0.2 mM CaCl2 and
0.8 mM NaN3) was mixed with 1.4 μL of DMSO or analogues (stock
concentrations = 25 μM in DMSO) in a fluorimeter cuvette and
incubated at 25 °C for 50 s. The actin polymerization reaction was
initiated by adding 7 μL of actin polymerization buffer (100 mM Tris-
HCl pH 7.5, 500 mM KCl, 20 mM MgCl2, and 10 mM ATP) to this
mixture. Pyrene fluorescence of the mixture was measured for 600 s
with a Cary Eclipse (Varian, Inc.) fluorescence spectrophotometer
using excitation and emission wavelengths of 365 and 406 nm,
respectively. The rate of actin polymerization for each treatment
condition was determined by calculating the slope of the fluorescence
intensity line between 250 and 300 s. The % inhibition of actin
polymerization by each analogue was determined using the following
equation:
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Ratewithout analogue
100%

The relative activity of the analogues was assessed by examining the
effect of all analogues, individually, on actin polymerization within a
single day. To give three experimental replicates, these comparative
actin polymerization inhibition experiments were performed three
times, on separate days, using new preparations of rabbit skeletal
muscle G-actin and pyrene-G-actin.

IC50 values for actin polymerization inhibition were determined
using 9 μM pyrene-G-actin in the presence of each analogue at final
concentrations ranging from 0 to 10 μM. The rate of polymerization
in the presence of analogue was expressed as a percentage relative to
the rate of polymerization without analogue and plotted as a function
of log concentration of analogue (nM). IC50 values represent the
concentration of analogue that inhibits the actin polymerization rate
by 50%.

Pyrene-F-Actin Depolymerization Assay. A mixture of G-actin
and pyrene-G-actin (2:1) at 5 μM in A-buffer (100 mM Tris-HCl pH
7.5, 500 mM KCl, 20 mM MgCl2 and 10 mM ATP) was incubated for
1 h at room temperature to form F-actin. A volume of 4 μL of the F-
actin was then diluted rapidly to a final concentration of 0.2 μM in a
96 μL solution containing MycB (10 μM) or analogue (10 μM) in
buffer F (10 mM Tris-HCl pH 7.5, 50 mM KCl, 2 mM MgCl2, 1 mM
ATP, 0.2 mM DTT, and 0.2 mM CaCl2). Pyrene fluorescence of the
mixture was measured for 900 s with a Cary Eclipse (Varian, Inc.)
fluorescence spectrophotometer using excitation and emission
wavelengths of 365 and 406 nm, respectively. The % stimulation of
F-actin depolymerization by each treatment condition was deter-
mined using the following equation:

i
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{
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I I
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Stimulation of actin depolymerization

1
with analogue with MycB

without analogue with MycB
100%

, where “I” is the fluorescence intensity at t = 900 s. The relative
activity of the analogues was assessed by examining the effect of all
analogues, individually, on actin polymerization within a single day.
To give three experimental replicates, these comparative actin
polymerization inhibition experiments were performed three times,
on separate days, using new preparations of F-actin from rabbit
skeletal muscle G-actin and pyrene-G-actin.
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Cell Culture. A549 cell line was obtained from American Type
Culture Collection and authenticated by STR profiling. The cell line
was maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Multicell) supplemented with 10% fetal bovine serum (FBS,
Multicell) and 1% antibiotic-antimycotic solution (Multicell) and
cultured in a humidified incubator at 37 °C with 5% CO2.

Cell Invasion Assay. Cell invasion measurements were performed
on A549 cells. Cells (2.0 × 104) were seeded in triplicate in a 96-well
ImageLock plate (Essen BioScience). At approximately 90%
confluence, a scratch was induced using the IncuCyte Woundmaker
(Essen BioScience). Following wounding and removal of nonadherent
cells, wells were overlaid with 10% Matrigel diluted in complete
DMEM and incubated at 37 °C for 30 min to let the Matrigel solidify.
DMEM-containing treatments were added to reach a final
concentration of 0.1 μM MycB, 1% DMSO, or 10 μM analogue.
The plate was then inserted into the IncuCyte Zoom Live Cell
Analysis System at 37 °C and imaged every 2 h for 50 h. Relative
wound density was determined using IncuCyte ZOOM Scratch
Wound Analysis software package. Graphing and statistical analyses
were performed using Microsoft Excel.
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